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INTRODUCTION 
The devastating floods on the upper Mississippi River in the spring of 1965 were 
instrumental in focusing attention on the meager knowledge that hydrologists and 
hydraulic engineers have concerning the hydrology of vast areas of north-central Iowa 
and Minnesota that are characterized by numerous depressions. These depressions, 
known as "potholes", have the ability to store large quantities of water. Thus the 
areas in their natural state are very swampy. Figure 1 is a map of a small drainage 
district in Emmet County, Iowa. This map illustrates the swampy condition that 
prevailed prior to 1900 throughout the part of Iowa shown in figure 2. With the 
advent of Federal assistance for drainage, hundreds of drainage districts were formed 
and virtually all of north-central Iowa has been drained to some extent by subsurface 
drains. Today the policy of Federal aid for drainage continues and consequently the 
network of subsurface drains is becoming more and more dense. Table 1 presents the 
lineal feet of tile installed in recent years in Iowa. 
Table 1. Drain tile installation in lowa^' ^ 
Year -Lineal feet of installed tile 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
12,897,668 
14,715,360 
30,771,840 
30,676,305 
30,632,871 
26,463,336 
20,417,817 
26,425,717 
Total to June 30, 1966 995,252,555 
^Source: 1959 through 1963 from DeBoer (1964, p. 2). 
^1964 through 1966 and total from Mendel I, F. H., Des Moines, Iowa. Data 
on the tile installation in Iowa. Private communication, October 14, 1966. 
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In discussions of possible causes of the above mentioned Mississippi River 
flood, tile drainage is frequently alluded to as a major contributing factor. A few 
days after the flood the following headlines appeared in the Des Moines Register 
(Heins, 1965): "LINK FARM DRAINAGE STRESS TO FLOODING" and " SPEND 
OVER $2 MILLION TO SPUR RUNOFF". 
A prominent Izaak Walton League official was quoted as having said; 
.. .Nature at one time had natural sponges—in the form of the 
pothole areas that retard runoff flow. But, we have tile drained those 
and speeded runoff. If these natural loopholes (sic) were taken out of 
crop production, we could still grow enough food. The potholes would 
provide steady, year-round stream flows, would raise the water table, 
ease the pollution problems and enhance recreation. 
How all of these things would come about wat not mentioned. 
As a counter argument to the above reasoning, it has been advocated that the 
potholes if undrained may be standing full of water at the time of a rain and thus 
provide no additional storage and force the rain to runoff immediately. According 
to Linsley and Franzini (1955) a full reservoir may accelerate a flood. This may 
also be true of potholes. On the other hand, if the potholes had been drained 
they would have considerable storage capacity and thus intercept much of the 
runoff. This water would be released slowly through the tile system and into the 
stream. The conclusion to this argument is that drainage of potholes reduces 
flooding. 
To make factual replies to statements like these, engineers need more infor­
mation on the hydraulic response to rainfall of watersheds in the depressional areas. 
The purpose of this study was to aid in obtaining this essential information. Various 
methods of attacking the problem were investigated, A statistical procedure of 
relating runoff characteristics to physical features of watersheds in the area was 
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ruled out because there is only one basin in the study area that has an area of less 
than 50 square miles, has a recording stream gage at its outlet, and has a topographic 
mop showing sufficient detail to permit reasonably accurate determinations of physical 
features of the basin. 
After examining the data available for study, it was decided to synthesize a 
mathematical model of basins in the study area that would be capable of generating 
stream flow records when rainfall records and certain physical data were used as 
inputs. Among the needed physical data are degree of drainage in the basin, certain 
constants describing the geometry and distribution of potholes in the area, and data 
describing the outlet streams. 
The selection of this type of watershed model is in keeping with the recom­
mendations of the U.S. Department of Interior, Office of Water Resources Research, 
Panel on Watershed Research (1966). In their report this panel made the following 
statements: 
The panel considers that mathematical models are an effective 
method for analysis of watershed behavior. Perhaps up to one-half of 
the total watershed research effort under P.L. 88-379 should be directed 
toward the development and improvement of general methods of analysis, 
and research in mathematical models is a good example of this type of 
activity. 
The panel J!SO stated: 
The term mathematical models is used here to refer to comprehensive 
computer simulation models designed to realistically follow time-dependent 
hydrologie processes. These models may, for example, start from continuous 
precipitation and evaporation data and predict streamflow. 
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OBJECTIVE AND SCOPE 
The primary objectives of this research were to develop and test a method for 
studying the hydraulic response to rainfall of watersheds in the depressional regions 
of north-central Iowa. After examining the available data on runoff, rainfall, and 
topographic characteristics, it was decided that one of the best ways to accomplish 
this would be to develop a mathematical model capable of simulating hydrologie 
events. Some of the requirements set forth for this model are discussed below. 
A major requirement for the model was to provide insight into the hydraulic as 
well as hydrologie behavior of watersheds. This requirement ruled out "curve fitting" 
techniques whereby inputs are operated on in a manner totally unrelated to actual pro­
cesses to produce outputs that are "best fits" to observed hydrographs. It was desired 
that the model components be readily identifiable with physical processes such as 
channel flow, tile flow, storage, etc. It was further desired that these processes be 
represented in such a way that they could be easily understood and so that these 
representations could be individually improved as knowledge concerning them is 
gained. 
A second requirement was that the model be capable of representing changes, 
either natural or man-made, that may occur. For instance one should be able to use 
the model to predict the effect on outflow hydrographs of changes in the percentage 
of the depressions that are drained by subsurface drains. 
A third requirement was that the model should be versatile. It was desired to 
simulate basins ranging in size from a few acres to 25 or 30 square miles with the same 
basic model. It was also desired to be able to study storms that were not uniform over 
the watershed. 
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The purpose of the model was to be able to simulate typical situations. No 
attempt was made to construct the model so that a particular watershed could be 
studied y but rather so that certain information describing the physical characteristics 
of an area in general could be used to approximate flows that reasonably might be 
expected from a basin of a certain size. 
The model as it is described in this report develops the basic framework of 
what could become a more complex and complete representation of the rainfall-
runoff process for the study area. Some of the techniques used are simplifications 
of what actually occurs. For example, the procedure used for routing flows in 
drainage ditches is a simplified method that ignores certain phenomena such as the 
momentum of the flow. It was felt that after the basic model was tested, the more 
sophisticated analytic techniques could be incorporated. These advanced techniques 
were omitted in this initial study as it was felt that they would do little to prove the 
usefulness and applicability of the proposed model although they would make the 
model more satisfying to the theoretician. 
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REVIEW OF PREVIOUS WORK 
Men have been making decisions concerned with the distribution of water for 
centuries. Frank (1955) relates that 50 centuries ago the Mohan-Jo-Daro civiliza­
tion of the Indus Valley in India enjoyed the benefits of we 11-designed water supply 
and drainage systems. Through many centuries various rules of thumb were developed 
as aids in design. The past 100 years have seen the advancement of hundreds of 
relationships and methods for the prediction of peak flows, runoff volumes, culvert 
sizes, etc. Almost without exception these methods were empirically derived. 
There has been literally volumes of literature written concerning these empirical 
relationships. To write a complete literature review on these papers and books 
would be a forbidding task and has not been attempted in this manuscript. Rather, 
this review is limited to works that have significantly influenced the development 
of the model. Many articles have been reviewed but are not reported here as it was 
desired to relate how the model was formulated rather than to write a history of 
hydrologie prediction methods. For a well-documented outline of the historical 
development of hydrology, reference is made to Chow (cl964). A second reference 
containing extensive writing on the history of hydrology is Meinzer (cl942). 
Hydrology has been defined by the Ad Hoc Panel on Hydrology of the Federal 
Council for Science and Technology (1962) as 
,. .the science that treats of the waters of the Earth, their 
occurrence, circulation, and distribution, their chemical and physical 
properties, and their reaction with their environment, including their 
relation to living things. The domain of hydrology embraces the full 
life history of water on the Earth. 
Hydrologie models are formulations to simulate natural hydrologie phenomena 
which are considered as processes or as systems (Chow, cl964). To be rigorous the 
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models must account for the various components of the so-called hydrologie cycle 
that fall within the domain of the model. Some of the major components of the 
land phase of this cycle are precipitation, infiltration, evaporation, transpiration, 
percolation, ground water flow, surface flow (overland and channel), surface 
detention, surface storage, and moisture migration in unsaturated soil as well as 
movement caused or prevented by man. 
Hydrologie models may take many forms ranging from single empirical equations 
to complex computer models such as the Stanford Watershed Model IV (Crawford and 
Linsley, 1966) or intricate physical models such as the MIT model (Grace and 
Eagleson, 1966a) or the model developed by Chery (1965). 
Examples of simple hydrologie models are empirical equations such as the 
Myers form"lci (Cleemann, 1879) for the area of a waterway 
where 
A = area of waterway (square feet), 
D = drainage area (acres), 
C = coefficient depending on topography, 
and the "rational formula" for prediction of peak runoff rates (Linsley et^aj^., 1958) 
q = C i A 
P 
where 
q^ = peak runoff (acre-inches per hour) 
C = coefficient depending on physical characteristics of watershed 
i = average rainfall intensity for duration equal to time of concentration 
(inches per hour), and 
A = area (acres). 
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Analog computers have been used to model various aspects of the hydrologie 
cycle (Chow, cl964). The most common type of analog in use is the electrical 
analog. One example of the use of this type of model is in the application of the 
unit hydrograph principle (Paynter, 1952). Electrical analogs are very common in 
studying ground water and seepage. Chow (cl964) presents a bibliography on the 
use of analog computers in both surface water and ground water hydrology. 
Many types of mathematical models have been investigated in the Stanford 
project on hydrologie simulation. Bag ley (1964) employed queuing and storage 
theory to produce mathematical models for the volumes of precipitation, évapo­
transpiration, infiltration, runoff and soil-moisture storage changes. 
Pattison (1964) employed a sixth-order Markov chain to represent the hourly 
rainfall process. He also developed a model consisting of a number of linear 
relationships between the rainfalls observed during consecutive hours to distribute 
an observed daily rainfall over the 24 hours in the day. 
Other work at Stanford that has been influencial in the development of this 
study is the work of Liggett (1959), Anderson and Crawford (1964), Morgali (1963), 
and Larson (1965). 
The relatively recent wide-spread availability of high-speed digital computers 
has been accompanied by many numerical techniques for flow routing and runoff 
simulation. Thomas (1934) made a pioneering effort in the numerical analysis of 
the flood waves. Isaacson et al., (1958) have investigated the use of numerical 
solutions for flow problems in rivers. Brakensiek (1965, 1966a, 1966b) has done 
considerable work on the use of numerical techniques in flood routing. Ragan (1966), 
Morgali (1963), and Machmeier and Larson (1966) have used numerical techniques 
to route flows and obtain hydrographs. 
Il 
in addition to developing mathematical models to predict stream flow, many 
investigators have proposed empirical relationships derived from statistical analyses of 
runoff records and drainage basin physical characteristics. Gray (1962) correlated the 
parameters of a gamma distribution which best fit observed unit hydrographs to physical 
watershed characteristics. 
Reich (1962) attempted to relate three hydrograph parameters to topography, 
land use, and rainfall associated with each flood event. A three-parameter Pearson 
type 111 function was fitted to observed hydrographs. Reich did not derive a single 
hydrograph for a given watershed, but attempted to account for differences in hydro-
graphs from a watershed by rainfall parameters. 
Blank (1965) made a study of water yield from agricultural watersheds in Iowa. 
He attempted to relate total yearly runoff volume with cropping cover, antecedent 
water yield, and rainfall. A multiple regression approach was employed in the study. 
Physical Models 
The use of physical models for studying the rainfall-runoff process is a 
relatively recent development. The work of Mamisao (1952) is apparently the first 
attempt at this endeavor. It was his goal to model a prototype watershed to produce 
hydrologie data that would be in substantial agreement with that obtained from the 
prototype. He then suggested that if this type of modelling is satisfactory, it may be 
possible to duplicate various cultural practices on the model and thus determine how 
these practices would affect prototype runoff. 
As a prototype Mamisao used a portion of the Nepper Watershed which has an 
area of 129 acres and is located in Monona County in Western Iowa. The watershed 
is rolling and has a well-developed drainage network. Predominating slopes are 8 to 
10 percent with limited areas having slopes up to 20 percent. About one-third of the 
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watershed was in corn, one-fourth in small grain, and one-fourth in meadow. In this 
model a horizontal scale of 1 : 450 and a vertical scale of 1 : 240 was used. 
In the initial trials the surface of the model was mortar. With this condition 
the shape of prototype hydrographs was generally well reproduced although the runoff 
rotes were too great. To overcome this difficulty the surface of the model was 
roughened with burlap. This modification was effective in reducing the runoff volume 
and lengthening the time to peak; however, the prototype hydrographs were still not 
satisfactorily reproduced. 
The results of the work of Mamisao were very encouraging and many of his 
suggestions and developments have been incorporated into more recent models. For 
example his rainfall simulator is the forerunner of those employed by Chow and Harbaugh 
(1965) and Grace and Eagleson (1966a). 
Using Mamisao's work as a background, Chery (1965) developed a physical 
watershed model. He states that his objectives were 
1. To design a physical hydrologie model which would include a 
topographical model of a basin and a rainstorm simulator, 
2. To construct the topographical model and rainstorm simulator 
with the necessary instrumentation to control, measure, and evaluate 
the model performance. 
3. To make preliminary verification studies. 
From theoretical considerations and reasoning involving a rationalized 
dimensional analysis of the rainfall-runoff phenomena, Chery developed dimension-
less terms to be used as design criteria. Several distortions in the design parameters 
were lumped into a resistance term. A length scale of I : 175 with no vertical distor­
tion was employed. 
The prototype watershed for Chery's work was the Montano W-I Watershed, a 
97.2-acre semiarid basin. The watershed is located 19 miles west of Albuquerque, 
13 
New Mexico. On the watershed 26 percent of the land has slopes of 3 to 10 percent 
while the remaining areas have slopes from 10 to 35 percent. The surface drainage is 
good with a drainage density of 100 feet per acre. In short, the land is rough, broken 
bad land, 77 percent of which is barren. When rain falls on the basin, 30 to 50 per­
cent runs off. 
Although many problems were experienced, the preliminary tests produced 
useful information which encourages continued use and development of the model. 
Major problems were encountered with the electrical-mechanical systems and the 
behavior of the working liquid. In Chery's opinion these problems can be worked out. 
There is presently being developed under the direction of Professor Chow an 
extensive physical watershed model at the University of Illinois. This model is 40 
feet square and the rainfall generator is made up of 2' x 2' x I" plexiglass modules 
with polyethylene tubes of 0.023-inch inside diameters and placed on a I-inch grid. 
The only published work on this model that has been found is a report by Chow and 
Harbaugh (1965) describing the rainfall simulator. 
Grace and Eagleson (1966a) have constructed a physical watershed model at 
Massachusetts Institute of Technology. Their model consists basically of a rainfall 
generator, scaled model, and a weighing device for recording the model runoff. The 
rainfall generator features individually controlled modules which use small tubes as the 
drop formers. 
The prototype for this study was the Johns Hopkins South Parking Lot No. I. 
This basin has an area of 0.395 acres, a mean slope of about 1.71 percent, and an 
asphalt surface. The basin is enclosed by an asphalt curb. The characteristics of the 
basin are completely in line with those for which the modelling criteria of Grace and 
Eagleson (1966b) were developed. A horizontal length ratio of I : 70 was used in 
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constructing the model. The vertical scale was distorted so that one degree in the 
prototype corresponded to seven degrees in the model. 
Aplastic, latex cement surface was used in the model. Straight plastic such as 
lucite caused the water drops to collect in small pools. Chery (1965) also had this 
experience with his plastic resin surface. From preliminary tests the conclusions of 
Chery, that results from initially dry surfaces were inconsistent, were verified and all 
final tests were run using an initially wet model surface. In spite of the falling rain­
drops, Grace and Eagleson conclude that the flow in their model is laminar. 
In summarizing this work, Grace and Eagleson note: 
Early experiments have shown that the physical modelling of the 
rainfall-runoff process is feasible, and they have demonstrated further 
that the model predicts a discharge hydrograph which possesses more 
dispersion that its prototype counterpart. The discrepancies between the 
field-measured and model-predicted results are not severe. For example, 
the average differences in magnitude and timing of the peak discharge are 
less than 10 percent, and the duplication of prototype measurements is 
considered to be good. 
Grace and Eagleson (1966b) have also presented an analytical discussion of 
the requirement for modelling overland flow. They state that if these requirements 
are not met, the model being tested is nothing more than a very small prototype and 
results derived from its testing are not applicable elsewhere. The partial differential 
momentum and continuity equations governing two-dimensional overland flow on a 
plane surface with vertical inflow are developed and normalized. Grace and Eagleson 
conclude from this work that 
Close dynamic similarity of the overland flow process should be 
obtained in a distorted model of practical size under tne following 
primary limitations upon the prototype area: (1) Small size (on the order 
of one acre); (2) Relatively smooth (n 6 0.04); (3) Moderately sloped 
(1° i © £ 12°); (4) Negligible occurrence of roll waves; and under the 
restriction that interest be confined to the time during which rainfall 
occurs. 
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Amorocho at the University of California (Amorocho and Orlob, 1961; 
Amorocho, 1963; Amorocho and Hart, 1965) has been directing work concerned with 
a nonlinear analysis of hydrologie systems. In connection with this work, laboratory 
catchments have been constructed in an effort to test analytical procedures that 
have been formulated to simulate the nonlinear response of watersheds to precipita­
tion (see "Other Mathematical Models" section of this manuscript). Since the purpose 
of this catchment was not to model a basin but to test the feasibility of analytical 
procedures, the model is not as complex as some of those discussed earlier. One 
unique feature of this model is that it has been used with gravel and sand surfaces 
which cause a variety of fluid motion ranging from laminar to turbulent flow over the 
surface and through the porous material. 
The model may be operated as either an open or closed system. In the closed 
system, all the outflow emerges at the lower end of the catchment to be measured as 
outflow. In the open system, some of the water traveling over or seeping through the 
granular material is allowed to escape through perforations located upstream from the 
point of outflow measurement. According to Amorocho and Hart (1965) 
This case, in which only part of the total outflow is recorded, is 
similar to the situation that exists in natural watersheds where signifi­
cant ground water flows and other losses exist but cannot be evaluated 
directly. 
Results with this model have thus far been encouraging and work is continuing 
on both the model and the analytical techniques for studying nonlinear responses of 
hydrologie systems. 
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Analog Models 
Shen (1965) has applied the analog technique to the analysis of flood runoff. 
The intent of his study was to explore quantitatively the fundamental relations among 
the hydrologie variables pertaining to the events of rainfall excess versus rainfall 
runoff. Special emphasis was placed on the determination of flood frequency. Shen 
gives the following reasons for adopting the analog technique: 
1. The laws governing the behavior of fluid flow and electrical 
current are, in many instances, identical. Thus, an analog model may 
be developed on the basis of direct simulation instead of on the exact 
mathematical expressions which would be required by a digital computer. 
2. The input and output of an analog model are expressed in con­
tinuous time-varying graphs. They are easily recognized by an investi­
gator. Moreover, the parameters can be readily varied. Hence, an 
analog model is a more flexible and convenient tool for research purposes. 
3. In a hypothetical cause-and-effect study, the data is primarily 
derived by means of synthesis which is often limited in scope. Hence, 
the operation of an analog computer is generally more economical than 
that of a digital computer which is ordinarily a data-processing device. 
Some of the models studied by Shen were 
a) routing runoff through a system of linear reservoirs, S=KQ, where S is 
the storage, K is a constant, and Q the outflow; 
2 b) effect of nonlinear storage in a hydrologie system (S=KQ ); 
c) description of a hydrograph in statistical parameters; 
d) effect of storage on peak flow; and 
e) analog model study of flood frequency distribution. 
Bouwer (1966) discussed analog modelling in hydrology at the Forty-seventh 
annual meeting of the American Geophysical Union. Most of his remarks were eon-
fined to ground water studies. 
Paynter (1952) makes use of the Duhamel superposition theorem 
y (t) = XQ A(t) + 
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where x (t) is the input or disturbance, y(t) is the output or response, and A(t) is 
the indicia! response or admittances to study outflow hydrographs by making use of 
unit hydrograph theory. A(t) represents the relation between input x and output y, and 
is the response of the system to a unit step input. This theorem is used to produce out­
flow hydrographs, y(t), from inflow hydrographs, x('C). For various types of routings, 
the admittance function, A(t), is discussed. Most of the analysis treats the system as 
being linear although a short discussion on nonlinear effects is included in the report. 
The purpose of this paper was to demonstrate that by setting up the proper admittance 
functions on an analog computer the response of channels to various inputs could be 
studied. 
Riley et al. (1966) at Utah State University have developed an electronic 
analog model to simulate in-basin problems involving a long time increment of around 
one month. Their model is based on the continuity equation; they have found close 
agreement between computed and observed outflows on a monthly and annual basis for 
the Circle Valley subbasin of the Sevier River system in Utah. 
Stanford Project in Hydrologie Simulation 
Possibly the most comprehensive program in the development of hydrologie 
models is the work being carried on at Stanford University. This work was initiated in 
1959 and since that time many models have been developed and tested. One thing 
these models have in common is that they are all formulated for processing on a 
digital computer. The models under development range from methods of synthesizing 
hourly rainfall (Pattison, 1964, 1965) to models that use as inputs rainfall and evapora­
tion data to produce stream flow records (Crawford and Linsley, 1963, 1966). 
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The first work at Stanford was the development of a conceptual model of the 
hydrologie cycle which could be solved on a digital computer to yield a continuous 
output of mean daily stream flow when daily precipitation values where used as inputs 
(Linsley and Crawford, I960). This model was not capable of generating the details 
of a hydrograph since mean daily flows and not instantaneous flow rates were pro­
duced. For a doctoral thesis Crawford (Crawford and Linsley, 1962, 1963) developed 
a more complex model capable of generating continuous runoff hydrographs based on 
mean hourly rainfall and daily évapotranspiration in the watershed. Since that time 
the model has undergone further evolution and is now known as the Stanford Watershed 
Model IV (Crawford and Linsley, 1966). 
The Stanford Watershed Model in its various stages of development has served 
as the basic core of much of the other work done at Stanford as the other research many 
times has been in the development of subroutines that can be used in conjunction with 
the basic model (Anderson and Crawford, 1964) or in modifications of the Model 
(James, 1965a, 1965b) to study specific problems. Since the Model is basic to the 
other programs at Stanford and since it was very influencial in the progress of the 
present study, it will be discussed in detail. Some of the other research under the 
Stanford Project will also be discussed but in less detail. 
The majority of the following material concerning the Stanford Watershed 
Model is taken from a report by Crawford and Linsley (1966). In this report it is 
stated that 
The object of the research is to develop a general system of 
quantitative analysis for hydrologie regimes. The most effective 
way for doing this has been to establish continuous mathematical 
relationships between elements of the hydrologie cycle. The 
operation of these mathematical relationships is observed and 
improved by using digital computers to carry the calculations 
forward in time As mathematical relationships are developed. 
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every attempt is made to realistically reproduce physical processes in 
the model. Experimental results and analytic studies are used wherever 
possible to assist in defining the necessary relationships. 
Precipitation and potential évapotranspiration are the basic 
inputs for these digital models and actual évapotranspiration, stream 
flow, and soil moisture levels are generally obtained as output. 
Digital computer calculations are inherently flexible and many other 
items of input and output are often used. 
The Model uses the concept of a variable infiltration on the watershed at any 
time. This concept is implemented by drawing a curve of infiltration capacity versus 
the percent of watershed area with infiltration capacity equal to or less than a given 
value. Since on most basins there is not enough infiltration data to define this curve, 
a linear relationship from an infiltration capacity of zero inches per time interval at 
zero percent of the basin with an infiltration capacity less than or equal to this value 
to b inches per time interval at 100 percent of the basin with an infiltration capacity 
less than or equal to this value is employed. The variable, b, is estimated by the 
Model. The Model further assumes that there is an interflow component that is propor­
tional to the infiltration rate. The constant of proportionality, c, is also estimated by 
the Model. With these assumptions the reaction of a basin to a moisture supply of x 
inches is shown in figure 3. The quantity of infiltration, increase in interflow storage, 
and increase in surface detention storage are shown. 
The magnitudes of the variables b and c in any time interval are functions of the 
current dimensionless lower zone storage ratio, a ratio describing the amount of water 
held in storage in relation to the storage capacity of the lower zone of the soil, and 
two input parameters. Delayed infiltration is governed by the upper zone storage ratio 
which is a ratio describing the amount of water held in storage in relation to the 
storage capacity of the upper soil zone. The water not infiltrated by this delayed action 
is available for surface runoff. 
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Figure 3. Stanford Model concept of infiltration, interflow, and surface detention 
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Due to the high requirement for computer time, rigorous overland flow routing 
techniques were not used. Turbulent flow empirical equations were selected for this 
phase of the Model. In the Model the overland flow hydrographs are added to the 
interflow and ground water flow hydrographs to form the total channel inflow hydro-
graph. The channel inflow hydrograph is therefore a function of land surface, soil 
permeability, and rainfall characteristics. 
The interflow hydrograph is a function of the transient interflow storage and a 
daily recession or depletion constant, the ratio of the interflow discharge at any time 
to the interflow discharge 24 hours earlier. 
The ground water hydrograph is based on the hydraulic principle that the 
discharge of an aquifer is proportional to the product of the cross-sectional area and 
the energy gradient of the flow. Ground water outflow is a function of an antecedent 
index based on inflow to ground water storage and a minimum observed daily recession 
constant of ground water flow. 
Percolation to deep or inactive ground water storage is modelled by allowing a 
fixed percentage of the inflow to ground water to bypass the active storage that con­
tributes to stream flow and to percolate to deep or inactive ground water storage. 
Inflow to ground water storage is some variable percentage of the net 
infiltration and delayed infiltration. The percentage entering ground water storage is 
a function of the lower zone moisture storage ratio. 
In estimating évapotranspiration two considerations are needed. They are 
potential évapotranspiration and actual évapotranspiration. Potential évapotranspira­
tion is assumed equal to lake evaporation as estimated by the U.S. Weather Bureau 
Class A pans. A concept of a cumulative distribution of evaporation opportunity that 
is very similar to the cumulative distribution of infiltration capacity is used. Potential 
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évapotranspiration is first attempted from interception storage and upper zone storage. 
The remaining potential is entered in the cumulative curve of évapotranspiration 
opportunity. The area bounded by this value and the cumulative curve represents 
évapotranspiration from the lower zone storage. The slope of the cumulative curve 
is a function of the lower zone moisture-storage ratio. Evapotranspiration from stream 
surfaces and ground water is also simulated. 
The channel phase of the flow is represented in two steps. First a modified 
time-area curve is constructed and plotted as discharge versus channel flow time to 
outlet. This relationship is used to produce the translation effects of the channel. 
To simulate the channel storage the translated hydrograph is routed through a system 
of storages where the outflow is proportional to the storage. The net result is the 
outflow hydrograph has been modified by translation and storage. 
The Model requires a period of record in which stream flow and precipitation 
values are available. Crawford and Lins ley (1966) state 
No uniform criteria for required gage density, or for lengths of 
record for simulation, can be given since these depend on the overall 
hydrologie regime of individual watersheds. The most critical single 
factor in successful simulation is the raingage network. It is easy to 
demonstrate the extreme sensitivity of hydrographs to rainfall amounts, 
especially in arid regions. More than one raingage is a definite 
advantage, even In small watersheds. 
The stream flow records are used to estimate values for the various parameters 
in the Model. Initial estimates are provided to the Model. In the sense that the 
parameters are selected automatically to best fit observed watershed behavior, the 
Stanford Model is a curve fitting procedure based on a rational analysis of the 
hydrologie cycle. As more understanding of the mechanics of the various phases of 
this cycle is obtained, it will be included in the Model. This will make the Model 
less dependent on existing gaging records. 
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Application of the Model to ungaged basins presents difficulties as accurate 
estimates of the many variables in the Mode! are needed. Crawford and Linsley (1966) 
suggest: 
There are two possible approaches to deriving estimates. The 
parameters might be correlated with physical features such as soil 
permeability and depth, or they might be mapped or correlated on 
a regional oasis from parameters on nearby gaged streams. 
Although the Stanford Watershed Model IV does not represent the ultimate in 
hydrologie simulation it does represent a monumental and significant step forward in 
hydrologie prediction techniques. 
In another study at Stanford, Larson (1965) developed a general theory for 
peak runoff from small watersheds by considering runoff to consist of two phases — 
land phase and channel phase. In this study the land phase was considered to be a 
function of overland flow and climate. The input to the land phase is precipitation 
and the output is runoff supply. This runoff supply is then the input to the channel 
phase. Flow through the channel phase is considered as a function of the physical 
characteristics of the channels. 
It is proposed that the runoff supply (output from land phase) would be 
relatively constant in homogeneous land areas and could be transferred from basin to 
basin. This flow would then be routed through the channels of the basin under question 
and the outflow hydrograph obtained. This model implies that the differences in out­
flow hydrographs in a homogeneous land area are a function only of channel character­
istics. The Stanford Watershed Model was used to produce the runoff supply or input 
to the channel phase. 
Larson (1965) also defines a time parameter, the time to virtual equilibrium, 
as the time for the outflow to reach 97 percent of the inflow if the inflow is con­
sidered to be steady and continuous. 
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In yet another study, Morgali (1963) attempted to develop a procedure whereby 
rainfall excess could be routed overland to channels and then routed through channels 
to the basin outlet. He solved the momentum and continuity equations numerically in 
his routing procedure. Some difficulty was encountered because with a steady inflow 
the outflow equilibrium rate was not equal to the inflow rate. 
Morgali states that his method is for very small watersheds (less than one square 
mile). He concludes that for these small watersheds the overland flow hydrograph may 
be considered as the peak flow from the watershed for design purposes. 
All of the Stanford work has not dealt with runoff. Pattison (1964, 1965) has 
developed a model which serves as a basis for the synthesis of hourly rainfall data. 
It was found that the rainfall during any hour, t, is a statistical function of the rainfall 
during several time intervals previous to t. This dependence ruled out a simple first-
order Markov chain model. Pattison proposes the use of a model based on a sixth-
order Markov chain. 
This model has been used to generate hourly rainfall data for use with the 
Stanford Watershed Model. Pattison proposes that one method for testing the rainfall 
model would be to use the model in conjunction with the Stanford Watershed Model 
and then compare the resulting synthesized stream flow with actual stream flow data. 
Using this method for testing the rainfall model, stream flow for Silver Creek, 
California, was generated. Twenty yecrs of historic rainfall data were used to obtain 
model parameters. Hourly rainfall data for a period of 40 years was synthesized. 
Comparing the stream flow generated for this 40-year period with the historic data 
it was found that the results are generally acceptable. During dry periods the results 
were not as good as for wetter periods. One inherent disadvantage in using this pro­
cedure for testing the rainfall model is that the Stanford Watershed Model may 
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"cover-up" some errors in fhe rainfall model through its curve-fitting procedures. 
By combining Pattison's rainfall model with the Stanford Watershed Model, it 
is possible to study the hydrology of an area for extended periods of time with only 
limited field data on precipitation and runoff. 
In another Stanford study. Bag ley (1964) made use of stochastic process theory 
in an attempt to develop improved procedures for estimating runoff frequencies. 
Instead of trying to predict quantitatively how a hydrologie system changes with time, 
the probabilities associated with such changes were analyzed. From these probabili­
ties, values of various design quantities can be calculated. The method considers joint 
and conditional probabilities to develop design procedures under various precipitation, 
infiltration, évapotranspiration, and soi 1 -moisture-storage regimes. Queuing and 
storage theory provide mathematical models which describe the occurrence and move­
ment of water into and out of the hydrologie system. The emphasis is on developing and 
testing procedures rather than seeking to improve or refine the relation between factors 
incorporated into the procedure. 
In order to adapt the Stanford Watershed Model to watersheds on which seasonal 
or occasional snow cover exists, Anderson and Crawford (1964) developed a snowmeIt-
runoff subroutine. To keep required input data to a minimum, the subroutine was 
developed so that the only required meteorological input, in addition to the hourly 
precipitation data and potential évapotranspiration required by the Stanford Watershed 
Model, is surface air temperature. 
James (1965b) has used the Stanford Watershed Model to study the effect of 
urbanization on flood peaks. By varying constants describing the physical conditions 
within Morrison Creek Watershed, Sacramento County, California, according to the 
amount of urban development and channel improvement, a number of continuous 
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hydrographs were developed, A set of curves was then developed to demonstrate the 
estimated flood peaks as a function of frequency, percentage of area urbanized, 
percentage of channels improved, and tributary area. 
This study demonstrates one of the many advantages and uses of a mathematical 
model such as the Stanford Watershed Model. 
Other Mathematical Models 
There have been many recent attempts to develop mathematical models of 
various phases of the hydrologie cycle. In this discussion the term mathematical 
models refers to models that do not have as their basis a statistical analysis of runoff 
from a multitude of watersheds but rather are developed so that they may be applied 
directly to an individual basin. Mathematical models consist basically of two 
components — a component to determine the inflow hydrograph into a channel system 
and a component to route this flow through the channel system to the watershed outlet. 
The general availability of digital computers and the advances in numerical 
methods of solving partial differential equations have combined to present hydrolo-
gists with a powerful tool for analyzing unsteady flow in channels and overland. In 
the past five years there has been considerable work reported of this nature. 
Amein (1966) discusses the use of the method of characteristics for stream 
flow routing. He presents some initial and boundary conditions which ore applicable 
to thfs problem. 
Ragan (1965, 1966) uses a modification of the method of characteristics to 
study the routing of flows for channels subject to lateral inflow. He also constructed 
a laboratory channel and was able to compare experimental and predicted outflow 
hydrographs. He found that his numerical solution was sensitive to the value of 
Manning's n used to describe the channel roughness. 
27 
Brakensiek (1965, 1966a, 1966b) has done considerable work in developing 
numerical routing procedures. His work has been mainly confined to routing flows 
on small agricultural watersheds although he has also studied routings on large rivers 
(Brakensiek and Comer, 1965), 
Liggett (1959) has utilized the method of characteristics to study unsteady open 
channel flow with lateral inflow. He presents a complete treatment of subcritical 
flow. For supercritical flow and mixed flow qualitative results are presented and 
methods of finding a complete solution are indicated. 
Wooding (1965a, 1965b, 1965c) in a three-part paper discusses a hydraulic 
model for watershed runoff. In part I of the paper tlie basic mathematical model is 
developed by the method of characteristics-first for flow over a plane v-shaped basin 
under a constant uniformly distributed rainfall of finite duration, and then for stream 
outflow arising from the basin discharge. Part II discusses model solutions for a 
steady rainfall of finite duration and in part 111 the model is applied to three natural 
catchments. Wooding applies reasoning similar to that of Larson (1965) in that he 
considers the runoff to be made up of two phases — flow over the catchment (land 
phase) and flow in the stream arising from the catchment outflow (channel phase). 
Dowdy and O'Donnell (1965) discussed mathematical models of watersheds. 
In their report they state that a major objective of their study was to investigate the 
possibility of obtaining an efficient automatic procedure for finding numerical values 
of the various parameters of an overall watershed model, They made use of "hill-
climbing" techniques to optimize a function which was defined as the sum of squares 
of the deviations of observed and predicted stream flow, 
Jacoby (1966) discusses a decomposition model that represents nonlinear time-
lag systems by a series combination of parallel linear time-lag systems and parallel 
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nonlinear no-time-lag systems. With this model the assumption of watershed 
linearity is not postulated. 
Machmeier and Larson (1966) have studied the effect of runoff supply rate 
and durations on hydrographs by means of a mathematical model. They set as their 
objectives (1) to determine if a mathematical model of a channel system could be used 
for experimental purposes when the model was based on the use of momentum and con­
tinuity equations for unsteady flow, (2) investigate the effect of supply rate on time 
parameters used in hydrologie analysis, and (3) to test the unit hydrograph concept 
by means of the model. 
Their model consisted of a series of unit watersheds (0.05 square miles) which 
were combined to form subwatersheds of 2.75 square miles. The subwatersheds were 
then combined to form a complete watershed of 21.35 square miles. All unit water­
sheds were identical and all subwatersheds were identical. 
Selected runoff events (rainfall excesses) were routed overland and through 
channels to the watershed outlet and the time to virtual equilibrium, T^^, (Larson, 
1965) determined. The overland flow routing was accomplished by using the methods 
of Morgali (1963). Channel routing was accomplished by a numerical solution to 
the momentum and continuity equations. 
The results of the model indicate that T^^ and time to peak of hydrographs 
decrease with increased supply rate. This is an indication of nonlinear response and 
contrary to unit hydrograph assumptions. Peak flows also exhibited characteristics 
contrary to unit hydrograph assumptions. 
Amorocho (1961, 1963, 1966) has been one of the leading proponents of the 
non linearity of the rainfall-runoff process. He has proposed (Amorocho, 1966) that 
a mathematical model for this process could be written as 
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<X> 
where 
IT is a time variable of integration 
y(t) Is the output at time t 
x(t) is the input at time t 
h^ is the system response function 
n ^ 
IT represents the product of n factors of the form x(t-T.) 
Present unit hydrograph procedures use this model with n=l and the lower limit 
of integration as zero. Amorocho (1966) states 
In contrast with the case of linear analysis, where explicit 
methods for evaluating the system response functions have been 
developed, as remarked earlier, no formal procedures are pre­
sently available for the corresponding determination of the multi­
dimensional system responses of nonlinear systems. 
Amorocho (1963) has proposed a method for the evaluation of the response 
functions by processes of logarithmic fitting. 
In addition to the models discussed above there have been several other note­
worthy attempts at developing mathematical models for watersheds. A few of the more 
prominent ones are Lauren son (1964), Henderson (1963), Woo and Brater (1962), and 
Muggins and Monke (1966). 
Wadleigh (1965) Investigated the effect of swamp storage on storm peak flows. 
The variable features he considered were storage and outflow characteristics, volume 
of runoff and duration of storm. The specific objective of his work was to develop a 
guide for estimating the effect of a swamp area on peak flows with reasonable 
accuracy requiring a minimum of time, engineering knowledge and judgment. 
General Literature Review 
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Throughout his study Wadleigh used a drainage area of one square mile. He 
assumed storm patterns and routed them through storages given by the equation 
S = KO^ 
where 
S = storage 
O = outflow 
K, X are constants. 
The routing was accomplished by the storage indication method. Various values of K 
and X were used. The percent reduction in peak flows due to storage was then cal­
culated. The percent reduction in peak flow was plotted against runoff volume for 
various values of K and x. 
Wadleigh suggested that the values for K and x for natural swamps may be 
determined and the plots of percent flood peak reduction versus K and x used to 
determine how these natural swamps reduce flood peaks. He states the storage-
outflow relationship may be determined from topographic maps and cross-sectional 
data. 
He found that six natural swamps had a K value of 46 and an x value of 1/3. 
This resulted in a 10 percent flood peak reduction for a 2-inch runoff event. 
Schlick (1939) studied rainfall and discharge records for several northern Iowa 
drainage districts for the 13-year period from 1920 to 1932. Frequency studies of 
rainfalls and peak rates of runoff were made by the station-year method. One of the 
original objectives of the study was to determine the changes which extensions of 
farm-lateral subsurface drainage systems produced in the discharge characteristics of 
the districts. Unfortunately the extension of the farm-lateral systems was not 
sufficient to permit conclusions concerning their effect upon the discharges. 
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Schlick found that rainfall magnitudes are not necessarily good estimates of 
peak runoff rates, as rainfall distribution and antecedent condition exert a strong 
influence on runoff. He also found that the use of a drainage coefficient of 3/8 
inches of runoff per 24 hours Is about as large as economically justifiable at that time 
(I930's) for the districts he studied. 
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PHYSICAL CHARACTERISTICS OF THE STUDY AREA 
To effectively study the hydrology of any area detailed knowledge of the 
topography and soils of the region is needed. With this in mind an investigation of 
the physical features and soils of the study area (figure 2) was undertaken. 
Previous Investigations 
Soil scientists have classified the area as belonging to the Clarion-Nicollet-
Webster soil association (Aandahl et al., I960). The region has been described by 
many writers. For instance Marston and Curtiss (1905) described the area thus: 
The Wisconsin Drift — the youngest drift in the state is that 
brought down by the Wisconsin ice sheet which pushed one lobe 
like a giant finger from the north state line to Dallas and Polk 
counties. Capitol Hill in Des Moines is one of the morainal hills 
marking the southern edge of this ice invasion. The whole topo­
graphy in its immaturity is sharply contrasted to the mature features 
of the Kansas Drift area. The only naturally well defined areas are 
along the streams. A glance at a drift map indicates clearly the 
lack of drainage lines in north central Iowa. It has been well 
described by one writer as "a monotonous stretch of prairie, 
liberally dotted with undrained ponds, sloughs, and lakes". 
Again in this district the section line location plays havoc with 
the highways, but for quite a different reason, for it is the flat 
grade that makes road building difficult and costly. 
Drainage is first of all the important principle underlying 
the agriculture of this region. Not drainage applied locally 
but of whole districts, involving large county ditches and 
miles of smaller file drains. 
The divides between the streams are broad, roughly defined 
areas almost entirely without drainage. 
More recently SI usher et al. (1961) have described the area as follows: 
The Clarion-Nicollet-Webster soil association corresponds to the 
region covered by the most recent glacier in Iowa, the Cory'. The 
'in earlier publications the Cary has been referred to as the Des Moines lobe 
of the Wisconsin Drift, the Mankato, or the Cary-Mankato Drift. 
33 
area consists of an undulating drift plain only slightly dissected by head-
ward extension of a well defined drainage system. The relief is low with 
numerous knolls and swales and with frequent occurrence of saucer-like 
basins or depressional areas. The smaller basins are known locally as 
"potholes". Although the acreage of the depressional areas is only 
about 5 percent of the total, they are quite significant beyond their 
extent because of their frequent occurrences and the unique soil 
management problems associated with them. 
The size of the depressional areas ranges from less than one-half 
acre to as much as 1500 acres. Prior to drainage by tile or open 
ditches these areas contained ponded water much of the time. The 
depth of water depended on the depth of the depression or size of the 
drainage area and ranged from a few inches to several feet. Under 
native conditions the shallower ponds become dry in dry seasons but 
deeper ones contain water throughout the year. 
According to recent soils survey reports (McCracken, I960; Richlen etal., 
1961), the soils in the depressional areas have been mapped and classified principally 
as the Glencoe, Okoboji, Wacousta, and Rolfe series, or as muck or peat. The 
soils surrounding the depressions are members of the Clarion, Webster, Nicollet, 
and Harpster series. 
The Glencoe and Okoboji soils are the most extensive mineral soils that occur 
in depressional areas, Rolfe and Wacousta soils are very minor in area. Muck is the 
predominate organic soil. Slusher et al. (1961) summarized the major characteristics 
of these soils as: 
Glencoe soils. These soils have black silty clay loam surface 
layers 24 to 1)6 inches thick. The subsoil is a firm, olive-gray silty 
clay loam to silty clay. The underlying material is variable but 
typically ranges from silty clay loam to loam. The sub-soil is slowly 
to moderately slowly permeable. Glencoe soils are usually neutral 
to slightly acid and occasionally are calcareous. These soils have 
thicker dark surface layers, finer textured (more clayey) subsoils, 
and lower sand content than Webster soils. Glencoe soils are 
classified as Wiesenbodens (Humic Glei) that intergrade to 
Alluvial soils (Thorp and Smith, 1949), or as Cumulic Haplaquolls 
according to a newly proposed classification scheme (U.S. 
Department of Agriculture, Soil Conservation Service, Soil 
Survey Staff, I960). 
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Okobojî soils. These soils have black, friable silt loam surface 
layers IW to d6 inches thick. The subsoil is a friable to firm grayish 
brown to olive-gray silt loam or light silty clay loam. The under­
lying material is silt loam, loam, or light silty clay loam. The 
subsoil is moderately to moderately slowly permeable. The Okoboji 
soils are usually neutral to slightly acid and are occasionally 
calcareous. Okoboji soils are similar to Glencoe soils but are not 
as fine textured (clayey) or as slowly permeable. They are 
classified as Wiesenbodens (Humic Glei) that intergrade to 
Alluvial soils (Thorp and Smith, 1949), or as Cumulic Haplaquolls. 
Muck and peat. Muck and peat soils are high in organic 
material but may contain small amounts of mineral matter. When 
the organic material has decayed so that fragments of leaves and 
stems are no longer visible it becomes muck. The less well 
decomposed organic material is called peat. The muck or peat 
deposits normally range from about 8 to 48 inches thick over 
mineral matter but thicker deposits are known to occur. Muck 
and peat were formed at the bottom of shallow lakes by the 
accumulation and decay of various kinds of aquatic plants. 
These soils occur in the deeper depressions that were probably 
covered with water a greater percentage of the time. Muck 
and peat are quite variable in reaction and range from neutral 
to strongly acid. Some areas are calcareous. 
In their study of the extent and distribution of depressional soils in north-
central Iowa, Slusher et al. I}96l) summarized their data by counties (Appendix B). 
In considering numbers or acres of depressional areas for any given county, it 
should be kept in mind that potholes smaller than about one-half to three-fourths 
of an acre were not included in the summary. The number of depressional areas too 
small to show averaged 0.8 per quarter section over the soil association area and 4.1 
per quarter section on the samples where they were present. 
The report by Slusher et al. (1961) contains much other information on the 
distribution of depressional soils in north-central Iowa. Table 2 presents the summary 
figures for the entire area. 
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Table 2. Estimated acreages by soil series in depressional areas in the Clarion-
Nicollet-Webster soil association^ 
Soil 
Estimated 
acreage 
Percent of Percent of 
"depressional Clarion-Nicollet-Webster 
area" soils soil association 
Mineral soils 
• 
Glencoe 127,109 33.7 1.6 
Okoboji 117,940 31.4 1.5 
Wacousta 15,340 4.1 0.2 
Rolfe 5,447 1.4 0.1 
Organic soils 
Muck 90,043 24.0 1.1 
Peat 20,278 5.4 0.3 
Total mineral soils 265,836 70.6 3.4 
Total organic soils 110,321 29.4 1.4 
TOTAL 376,157 100.0 4.8 
°Source: Slusheretal. (1961). 
Table 2 shows that 33.7 percent of the depressional soils are Glencoe, 31.4 
percent are Okoboji, and 24.0 percent are muck, thus making up 89.1 percent of 
the depressional soils. 
Manson et al. (1965) in a study of Minnesota depressions have investigated the 
effect of pothole drainage on ground water supplies. They state that by 1966 a three-
year general investigation of the water movement in and around some 44 potholes and 
small lakes will have been completed. They refer to open bodies of water as potholes, 
whether potholes, ponds, or small lakes, that generally do not exceed 10 acres. 
In their report they state that it is not uncommon in Minnesota to find as many 
as 10 or 20 ponds or potholes within one section of land all with water elevations at 
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different levels. They classify five types of potholes depending on their location 
with respect to the water table and the permeability of their bottoms. 
They conclude from the first part of their study that the common pothole is 
lined with impervious sediment and contributes little to ground water. The changing 
summer water levels are closely correlated with inflow, outflow and évapotranspira­
tion. 
Current Investigations 
In an effort to obtain more quantitative data on the extent, distribution, and 
characteristics of potholes in the study area, a two-phased data collection program 
was initiated. Phase one of the investigation was a study of potholes on the East 
Fork Hardin Creek Watershed near Churdan, Iowa, and phase two was a study of 
existing topographic maps of drainage districts in Emmet County, Iowa (figure 4). 
East Fork Hardin Creek Watershed 
East Fork Hardin Creek near Churdan, Iowa, has a watershed area of about 
24 square miles. The watershed has had a recording stream gage located at its 
outlet since July, 1952. The gage is part of the U.S. Geological Survey network of 
gages in Iowa, The Jefferson, Iowa, quadrangle map of the U.S. Geological Survey 
contains the watershed. The portion of the map showing the basin is reproduced in 
figure 5. The map, as originally published in 1962, had a scale of I : 62500 and 
ten-foot contour interval. An examination of this map reveals the very flat nature 
of the watershed and the almost complete lack of drainage development other than 
the main stream, a drainage ditch. 
X: 
EMMET 
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9 
EAST FORK 
HARDIN CREEK 
Figure 4. Study region 
BOUNDARY OF 
DEPRESSIONAL AREA 
Figure 5. Map of East Fork Hardin Creek Watershed 
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The U.S. Geological Survey is also preparing maps of this area on a scale 
of 1 : 24000. An advance print of this map was obtained and used to determine some 
constants describing the topography of the watershed (table 3). The parameters 
listed have become quite common in recent literature on quantitative geomorphology 
(Leopold et al., 1964), The determination of the hypsometric integral was made by 
the method described by Haan and Johnson (1966). 
The published maps of East Fork Hardin Creek do not have sufficient detail 
to outline the depressional areas. This made it necessary to construct new maps of 
the area. The mapping was done by aerial photography. It was not possible to map 
the entire 24 square miles of the watershed, thus making it necessary to sample the 
basin. 
Aerial photographs of the complete watershed were made. From these 
photographs four, 320-acre samples were selected for mapping. The selection of 
the samples was biased as it was desired to select areas with large numbers of 
potholes so that the sample would be of maximum usefulness in deriving relationships 
between the size, extent, and distribution of potholes. 
Pothole volumes, depths, and areas were measured from the four sample maps. 
The volumes, depths, and areas that were measured are the maximum volume, 
maximum depth, and maximum area that can be attributed to an individual depression. 
The sample maps were drawn with a two-foot contour interval. In many cases 
auxiliary contours were sketched to reduce the interval to one foot. Figure 6 is a 
reduction of one of the sample area maps and reveals the relatively large aerial 
extent of the depressions. 
40 
Table 3. Physical constants of East Fork Hardin Creek 
Area 
Average ground slope 
Perimeter 
Stream length 
Stream slope 
Drainage density 
Average length of overland flow 
Maximum elevation 
Minimum elevation 
Maximum relief 
Mean relief 
Relief ratio 
Hypsometric integral 
24.0 square miles 
0.87 percent 
27.5 miles 
5. 15 miles 
0.095 percent 
0.21 miles/sq. mi 
2.36 miles 
I 125 feet, msl 
1054 feet, msl 
71 feet 
53.5 feet 
13.8 feet/mi. 
0.562 
The analysis of the data derived from the sample areas indicated that the 
means and standard deviations of the various properties are as given in table 4. It 
was found that there is a significant relationship among these properties. Standard 
regression techniques indicate that the volume is related to the area by the equation 
V = . 3 4 4 A ' - ' ^  ( I )  
where 
V-= pothole volume (acre-feet) 
A = surface area (acres). 
This relationship has an r-squared value of 0.92 and a standard error of 0,232 
(figure 7). 
The volume is also related to the depth by the equation 
V-= .495 0^-42 (2) 
where 
D = pothole depth (feet). 
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Figure 6. Sample area map 
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Table 4, Mean and standard deviation of pothole properties. East Fork Hardin 
Creek 
Number of Standard 
Property Observations Mean Deviation 
Area 70 2.29 acres 5.03 acres 
Volume 70 2,05 acre-feet 7.32 acre-feet 
Depth 69 1.09 feet .678 feet 
This relationship has an r-squared value of 0.80 and a standard error of 0.401 
(figure 8). 
It was concluded that there Is a strong enough relationship among the proper­
ties to make the use of equations 1 and 2 valid in developing a mathematical model of 
the area. Equation 2 is used in routing flow through potholes by serving as the needed 
stage-volume relationship. Equation I is used in estimating the volumes of potholes 
for which the area can be determined from the aerial photographs. 
To study the aerial distribution of depressions within the watershed, a large 
mosaic of the watershed was constructed from the aerial photos. This mosaic was 
photographed and a single photo of the entire watershed was produced. A sheet of 
tracing cloth was placed on the photograph and the outline of all the potholes in the 
watershed was traced. This resulted in a map of the watershed showing only the 
pothole boundaries (figure 9). By using the random sampling technique described by 
Haan and Johnson (1966), it was found that approximately 9 percent of the basin lies 
within the boundaries of a pothole. 
The question of how the depressions are distributed over the basin was investi­
gated by first dividing the watershed into 20 segments of equal area. These segments 
ran from the west edge of the basin to the east edge and were numbered consecutively 
from south to north beginning with number I in the southern most segment. The cross-
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hatched area in figure 9 represents one of these segments. The number of depressions 
and the percentage of the area within the boundaries of depressions was recorded for 
each segment, A statistical test to determine if there was any north-south trend in 
pothole numbers per unit area or percentage of the basin within depressions was 
made by calculation of a simple regression equation with the segment number as the 
independent variable and either number of potholes per segment or percentage of 
the segment within the depressions as the dependent variable. 
The results of these tests indicated that there is no north-south trend in 
either pothole density or aerial extent. Thus, one can say that the depressions in 
East Fork Hardin Creek Watershed are essentially randomly distributed as far as 
location and number are concerned. 
In synthesizing the watershed model it was necessary to know the frequency 
distribution of the areas of potholes. A rational analysis of this problem leads one to 
suppose that as the area of a pothole decreases the number of potholes with that area 
would increase. Thus one would surmise that there would essentially be an infinite 
number of infinitesimally small potholes and a decreasing number of potholes with 
increasing area until there were zero potholes with an infinite area. The exponential 
distribution 
p ( x ) = l e V e  ( 3 )  
where 0 is a parameter and x is the variable, fulfills this model. Using the maximum 
likelihood estimator for 0 (0 = ^ , the results shown in figure 10 were obtained. 
Although the chi-square value obtained in testing the fit of the distribution is not too 
large, a visual inspection of the results indicates that a probability density function 
that would decrease at a faster rate for small areas would probably fit the data better. 
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With this in mind the Weibull density function, 
c-1 
pW (^) e b (4) 
where a, b, and c are parameters, was fitted to the data (figure 10). The parameters 
were determined by the maximum likelihood procedure outlined by Haan and Beer 
(1967). The chi-square value for this distribution was slightly greater than for the 
exponential distribution; however, a visual inspection of the results tends to indicate 
that the Weibull fits the data better. This conclusion is substantiated on the Emmet 
County data. In deriving these distributions, areas greater than 8.0 acres were 
excluded from the analysis as their occurrence is extremely rare. 
Emmet County 
Emmet County is located in the northern most tier of counties in Iowa and 
approximately two-thirds of the way from the eastern edge of the state toward the 
western edge (figures 2 and 4). Much of the topography in the county is like that of 
East Fork Hardin Creek Watershed. In the early I900's many drainage districts were 
formed and topographic maps subsequently made of these drainage districts. These 
topographic maps served as the source of data for the following analysis. 
The drainage districts that were mapped were sufficiently large to permit 
determinations to be made of the area contributing runoff to individual potholes. 
This information was then utilized in the synthesis of the model. Measurements were 
also made on the area, depth, and volume of the depressions (table 5). 
A comparison of the values in table 4 and the values in table 5 reveals that 
the potholes in East Fork Hardin Creek and in Emmet County have similar character­
istics. Statistical tests for the difference in the means of pothole areas, volumes, 
and depths reveal that there is no significant difference (table 6). 
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Table 5. Mean and standard deviation of pothole properties. Emmet County 
Property 
Number of 
Observations Mean 
Standard 
Deviations 
Area 232 3.09 acres 7.56 acres 
Volume 232 2.35 acre-feet 6.80 acre-feet 
Depth 232 .986 feet .85 feet 
Contributing Area 175 24.48 acres 33.2 acres 
Table 6. Test of equality of means between East Fork Hardin Creek and Emmet 
County data°' ° 
Noo obs. Mean Std. dev. 
wt Property 1^ 2^ 1^ 
2d 1": 2d t® , 
cal result^ 
Area 
Volume 
Depth 
70 
70 
69 
232 
232 
232 
2.29 
2.05 
1.09 
3.09 
2.35 
.99 
5.03 
7.32 
.68 
7.56 
6.80 
.85 
-1.03 
-0.31 
1.01 
1.80 
1.73 
1.77 
accept 
accept 
accept 
°Source: Ostle (1963, p. 120). 
^Level of significance = .05 
^East Fork Hardin Creek 
Emmet County 
^Calculated weighted t 
f Tabulated weighted t 
^Reject if t^^. t 
wt 
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As was the case with the East Fork Hardin Creek data, standard regression 
techniques reveal that depth and volume of depressions in Emmet County are related 
by the equation 
V= .408 (5) 
This relationship has an r-squared value of 0.71 and a standard error of 0.567 
(figure II). 
The surface areas and volumes are related by 
V-= .268 (6) 
This relationship has an r-squared value of 0.89 and a standard error of 0.337 
(figure 12). 
By combining the data from East Fork Hardin Creek with the data from Emmet 
County, a single relationship between the pothole volumes and depths and between 
volumes and surface area was obtained. These relationships are 
¥= .426 (7) 
with an r-squared of 0.72 and a standard error of 0.534 and 
V-= .285 A^'^^ (8) 
with an r-squared of 0.90 and a standard error of 0.319. 
Using the testing procedure outlined on page 204 of Ostle (1963), it was 
concluded that the combined equation (equation 7) could be used to represent the 
volume-depth relationship as the individual equations (equations 2 and 5) are not 
significantly different'. When the same test was made on the volume-surface area 
relationship it was found that the combined equation (equation 8) did not represent 
'level of significance = .05 
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both areas as the individual equations (equations I and 6) are significantly different. 
In the development of the model the equations derived from the East Fork 
Hardin Creek data were used because it was felt that the quality of the basic data from 
this area was better than that from Emmet County. This judgment was based mainly on 
the scale of the maps and the accuracy that was possible in measuring the potholes. 
An examination of topographic maps of depress!onal areas reveals that the 
size of areas contributing surface runoff to the individual depressions varies greatly 
from depression to depression. The model requires that a contributing area be assigned 
to each pothole. To realistically assign these areas to potholes, a study of the size of 
areas contributing runoff to individual potholes was undertaken on the Emmet County 
data. Where there was sufficient topographic detail, the boundaries of contributing 
areas were outlined on the maps. These areas were planimetered to obtain the 
contributing areas in acres. 
An attempt was made to correlate the size of the contributing area with the 
maximum or upper area of the pothole that it contained. The relation derived was 
= 14.4 (9) 
where 
A^ = contributing area (acres) 
A = maximum or upper area (acres). 
This relationship had an r-squared value of 0.45 and a standard error of 0.363 
(figure 13). 
A determination of the frequency distribution of the areas of depression for 
Emmet County potholes was made (figure 14). For these data the chi-square value is 
significant for both the exponential distribution and the Weibull distribution. If the 
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individual chi-square value for the class from 5.5 acres to 6.0 acres is deleted from 
the analysis, the total chi-square for the exponential is reduced by 188 and for the 
Weibull by 18.2. This means the observed distribution is still significantly different 
from the exponential, but not from the Weibull if a 0.025 level of significance is 
used. As with the East Fork Hardin Creek data, areas larger than 8,0 acres were 
excluded from the analysis. 
It was decided that the Weibull density function is sufficiently representative 
of the distribution of pothole areas to warrant its use in the development of the 
watershed model. 
When the data from East Fork Hardin Creek and Emmet County are combined 
into a single distribution, the results shown in figure 15 are obtained. The three 
parameters of the Weibull for this data were determined to be 
a = 0.0368 
b = 1.038 
c = 0.7455 
so that the probability density function for the distribution of potholes areas may be 
written 
N /X-0.0368^°-^^^^ 
, V 0.7455 ,x-0.0368\ 1.038'' 
Pfx) = TTORr- ( 1.038 ) ® CO) 
This relationship was used in the development of the watershed model. 
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DEVELOPMENT OF MODEL 
The proposed model is similar in one respect to the model developed by 
Machmeier and Larson (1966) in that a watershed is divided into elemental basins. 
The runoff from these elemental basins as determined by flood routing techniques is 
introduced into the main stream and then routed to the outlet of the watershed. 
These routing procedures are discussed under their respective subheadings. 
Since the purpose of this model is to study runoff from areas characterized by 
depress!onal storage, a major part of the model is concerned with the flow through 
systems of depressions. Figure 16 shows a typical watershed divided into elemental 
basins. Figure 17 shows an example elemental basin with three potholes and the flow 
paths of water through these potholes to the drainage ditch. 
In the depressional areas studied, once the potholes are drained with tile 
having surface intakes, the flow through the tile drains alters the flow patterns on 
the basin and becomes one of the primary methods of removal of surface water. This 
makes it imperative that any mathematical model designed to simulate the hydrology 
of these depressional areas include a provision for routing water through the tile 
systems. Since it is nearly impossible to simulate an actual drainage system, this 
model assumes somewhat idealized subsurface drainage situations. 
Two basic models were developed. These two models are similar in every 
detail with one exception. Model I recognizes that the flow from a tile into the 
drainage ditch is a function of the depth of water in the ditch whenever this depth 
is great enough to submerge the tile outlet. Model II assumes that the tile flow is a 
function of only the tile outlet elevation, TOELEV, and is not affected by the depth 
of water in the drainage ditch. The reason for developing Model II is explained 
later. 
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The Models have been developed and the computer programs written using 
FORTRAN IV, E level. The Models as they are presently written could easily be 
adapted to use on computers that require FORTRAN il. The computer that was used 
and to which run times are referred was an IBM 360/50. 
As was stated earlier, the purpose of this research was to develop concepts 
and workable methods to test these concepts relative to runoff simulation in areas 
characterized by depressional storage. As experience is gained with the Models, 
more refined and rigorous techniques can be incorporated. 
Model I 
Routing through elemental watersheds 
The basic relationship used in routing through the elemental watersheds is 
l(t)-0(t)=^' (II) 
where 
l(t) is the inflow 
0(t) is the outflow 
S(t) is the storage 
t is time. 
This relationship is applied in sequence to each depression within the elemental 
basin beginning with the most upstream depression (depression number 1) and ending 
at the drainage ditch. 
Inflow depends on the rainfall excess, area contributing runoff to the depres­
sion, and any channel flow that may enter the depression from an upstream depression 
(figure 18). Inflow is determined by converting the rainfall intensity in inches per 
hour over the contributing area to cfs. This assumes that the time of travel from the 
-DBAR 1 
Channel 1 
DBAR2 
PCEL 1 
PCEL2 
Figure 18. Cross section of typical elemental watershed 
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60 
point of incidence of the rain to the depression is negligible. 
Storage in a depression is a function of depth and is computed using equation 
2 .  
Outflow from a depression can occur through tile and surface channels. For 
channel outflow to occur, the depth of water in the depression must be greater than 
the maximum depth of the depression. Figure 19 is a flow diagram for an elemental 
basin. 
Tile outflow, OF, from the 1th depression is a function of the elevation of the 
water in all of the depressions, tile size, entrance losses to the tile, flow condition 
at the entrance (weir, orifice, or pipe flow), tile outlet elevation, and the elevation 
of the water surface in the ditch. 
The governing flow condition was determined by calculating OFl, OF2, and 
OF3 where 
OFl = possible flow if weir conditions prevail 
OF2 = possible flow if orifice conditions prevail 
OF3 = possible flow if pipe conditions prevail 
and setting OF equal to the minimum of OFl, OF2, and OF3. 
Weir flow was calculated using the relationship^ 
OFl = WE IRK X TD(I) x (DEPTH(I) - ZFD)^^ (12) 
where 
WEIRK is a constant 
TD(I) is the diameter of the Ith tile 
Hhe (I) in equation 12 and elsewhere may be thought of as a subscript so that 
TD([) = TD.. This symbolism is used throughout the manuscript. 
Depression 1 
Depression 2 
0F(1) 
TO(l) 
Depression NIIELUN 
V CQCNUELUN) 
TQ CNUELUN-1) \, 0^ (NUELUN) OUTPUT 
Figure 19. Schematic flow diagram of an elemental watershed 
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DEPTH (I) is the depth of water in the Ith depression 
ZFD is the depth below which no flow would occur. ZFD may be 
thought of as the vertical distance from the depression bottom 
to the rim of the tile inlet. 
The value of WEIRK was selected to be 10.0 which is about the average of the 
figures reported by Black et oL (1966). ZFD was arbitrarily selected to be 0.1 feet. 
Orifice flow was calculated from the relationship 
where 
CD is a constant 
g is a gravitational constant. 
The constant, CD, was selected to be 0.60 which is approximately the average 
of the figures reported by Black ei_aL (1966). 
Pipe flow was calculated from a Manning's type equation using the following 
OF2 =CDx 3.14x I5|L X V2g(DEPTH(l) - ZFD) (13) 
steps: 
4 X MNT X \fL(i) X 4^/^ 
1. OF3' = 
2. VELOCY = 4. X OF3' 
3J47TDÔF 
3. HP = H( 
4. OF3' = 
VELOCY 
where 
L(l) is the length of the tile between depression I and 1+1 
H(!) is the head of water in the Ith depression (Appendix H) 
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VELOCY is the flow velocity in the tile inlet 
HKE is the entrance loss coefficient (HKE =2.0, Black et a},, 1966) 
HP is the head in Ith depression minus the entrance loss 
MNT is Manning's n for tile. 
Step 1 approximates the outflow assuming no head loss through the tile inlet. 
Step 2 calculates a flow velocity through the tile intake based on the intake area 
and the approximated outflow from Step 1, Step 3 calculates a head loss through 
the intake and deducts this loss from the actual head in the depression. Finally 
Step 4 calculates a new outflow by using the head from Step 3. The outflow in 
Step 4 accounts for a head loss through the tile intake. 
If 1=NUELUN, the number of depressions in the elementary basin, then H (I) 
is the head in the last downstream depression and H(l+1) is the head in the ditch. 
If YDITCH is the depth of water in the ditch, then H(l+1) is determined from 
H (1+1) = YD ITCH for YDITCH > TOELEV 
HO+l) = TOELEV for YDITCH < TOELEV 
where TOELEV is the elevation of the tile outlet. 
The OF3' in step 4 is the flow that is possible in tile I connecting depressions 
1 and 1+1. If tile 1^1 is carrying some flow, then to satisfy continuity (figure 19) 
the actual flow from the Ith pothole must be reduced by the amount of flow in tile 
1-1. Thus 
OF3 = OF3' - TQ(l-l) <14) 
where TQ(l-l) is the flow in tile 1-1. 
If the actual tile outflow from depression I is denoted as OF (I), then 
OF (I) = minimum of OFl, OF2, and OF3. (15) 
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Figure 20 is a plot of OF (I) versus depth in the Ith depression with TQ(l-l) 
taken as zero and H(l+1) assumed to be constant. The weir flow and orifice flow lines 
are static whereas the pipe flow line would change with time. This change is caused 
by changes in H(l+1) and in TQ(I-l), Even though figure 20 indicates orifice flow is 
not possible; this is not necessarily true. It can be seen from the above equations 
for the calculation of OF3 that for a given H(l), OF3 would be increased if H(l+1) 
is decreased. If H(l+1) is decreased sufficiently, the pipe flow line would be moved 
upward in figure 20 and could interesect the orifice flow line before it intersects 
the weir flow line. 
Steps 1 and 4 in the calculation of OF3 show that if H(l+1) is greater than 
H(l) and/or HP, OF3 will be negative or will represent an inflow into the Ith 
pothole rather than an outflow. 
If the head in the Ith depression, H (I), is greater than the elevation of the 
channel bottom at the rim of the pothole, PCEL, water will flow into the channel. 
The channels connecting the depressions are assumed to be parabolic (figure 18) so 
they can be described by the equation 
where K has been arbitrarily taken as 10. The top width of the channel, T, is 
determined from 
X = KY 2 (16) 
(17) 
and the hydraulic radius, R, (Chow, 1959) from 
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where y is the depth of flow in the channel, 
From Manning's equation 
MNC 
thus 
where 
Y.W&C f .f  f ST'z (19) 
MNC \3K y + 2/ 
V is the flow velocity 
MNC is the Manning's n for the channel 
S is the channel slope 
From energy relations (assuming no losses), the sum of the water depth and 
bottom elevation of the 1th depression must equal the sum of the depth of flow and 
velocity head in the channel and the elevation of the depression rim (figure 18) 
\/2 
DBAR(l) + E(l) = y + ^  + PCEL(l). (20) 
The head in the ith depression has been defined as 
H(1) = DBAR(I) + E(1) (21) 
therefore 
W2 
H(l)-PCEL(i) = y+^ . (22) 
From equation 19 o/o 
90 4/0 
\3K%Y2 + 2/ H{1) - PCEL(I) = y HiMNC\ ^y  ^  P3) 
2g 
S, the slope of the channel, has been taken as 0.001. The only remaining 
unknown in equation 23 is y. Since the equation is very cumbersome to solve for 
y, it was approximated by a polynomial in (H(l) - PCEL(I) ). The resulting 
67 
approximation was found to be (figure 21) 
y = 0.96 (H(l)-PCEL(I)). (24) 
This equation is valid only for a limited range of H (I) - PCEL(I). The effect of 
using different values of RNC, K, and S in equation 23 is discussed in Appendix C. 
The approximated y can be substituted into the following equation to get the 
flow in the channel, CQ. 
CQ(I) = VA= V . I Ty 
x s ' / 2 x | x 2 K y 2 . y  ( 2 5 )  
Thus the total outflow from a pothole, OUTFLO, is determined from 
OUTFLO = OF(i) + CQ(l). (26) 
The continuity relationship (equation 11) is solved by rewriting it for a time 
interval, A T, as 
I - 0 = (27) 
where 
AT = Tg-T^ = DELT (28) 
A S = Sg-S^ 
and 1 and 0 are the average inflow and outflow over the time period A T. 
Therefore 
I J  +  L J  0 J  +  0 2 _ S 2 - S J  
2 2 DELT 
The subscripts 1 and 2 refer to the conditions at the start and end of the time interval, 
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4 
Computed 
Approximated 
2 
Y=0.96 [1-1(1)-PCELCI)] 1 
0 
0 1 2 3 4 
H(I) -PŒL(I) 
. Approximation for solution of equation 23 
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It has been shown that the outflow is a function of the water depth and pothole 
1 
number 
outflow = OUTFLO I^Depth, l] . 
Therefore 
OJ = OUTFLO [D1, L] 
OG = OUTFLO [D2, I] 
where OUTFLO is given by equation 26. FUNCTION OUTFLO evaluates equation 26 
(Appendix J). 
Through the use of equation 2, the storage or volume of water can be expressed 
as a function of depth. 
= VOLUME [Dlj 
$2 = VOLUME ID2] 
where 
VOLUME [D] = 43560 x 0.496 x (cubic feet). (30) 
Combining these results and substituting them into equation 29, we have 
11(1) + 12(1) _ OUTFLO [Pl, l]+ OUTFLO [D2, l] ^  
VOLUME [D2(I)] - VOLUME [D1(I)] (31) 
[JED • 
For any given time period 11, 12, Dl, and DELT are known. The only unknown in 
equation 31 is D2. Equation 31 can be written 
W [D2(I)1 = ltd) + 12(0 _ OUTFLO [pl, l] + OUTFLO [D2, I] ^  pj) 
2 2 
VOLUME [D1([)1 - VOLUME [D2(I)] 
DELT 
Square brackets are used to denote a functional relationship. 
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This equation can be solved by an iterative technique until a D2(l) value is 
found such that when substituted into the equation W jb2(|)^ is within some pre­
selected tolerance, ZTEST, of zero. This equation is solved in SUBROUTINE ROUT 
(Appendix I). 
Equation 32 is solved for 1=1,2,.. .,NUELUN(J) for each elementary basin for 
every time period where NUELUN(J) is the number of depressions in the Jth elementary 
watershed. If there are NELWSD elementary watersheds, the total number of times, 
equation 32 is solved for each time period is 
NELWSD 
K, = 1 NUELUN(J). (33) 
J=1 
If there are T^ time periods, equation 32 must be solved N^^T^ times. 
The flow in the 1th tile of the Jth elementary basin is seen to be 
TQ(l, J) = OF([, J); 1=1 (34) 
TQ(1, J) = TQt[-l,J) + OF(l, J); |=2,3,...,NUELUN(J) 
and total outflow from the downstream end of the Jth elementary basin, OUTPUT(J), 
into the drainage ditch is 
OUTPUT(J) = TQ(NUELUN(J),J) + CQ(NUELUN(J), J). (35) 
OUTPUT(J) for J=l,2,...,NELWSD is the input into the ditch routing routine 
which routes the water down the drainage ditch to the outlet of the total watershed. 
Routing through drainage ditch 
The procedure for routing the outflow from the elemental watersheds down the 
drainage ditch is called kinematic flood routing and is described in detail by 
Brakensiek (1966b). This method solves the continuity equation 
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= Q (36) 
and a rating function 
Q = Q ( A )  ( 3 7 )  
where 
Q = flow rate (cfs) 
A = flow area (square feet) 
q = lateral lnflow('f), or outflow(-)(cfs/ft) 
X  = distance (feet) 
t = time (seconds). 
Using the grid system shown in figure 22, the following approximations are made 
AX 
(38) -a_A _ ^4"^3'^^2~^1 
^  2 A T  
_ ^4-^2 Q = — 
Substituting these expressions into equation 36 we get 
G£G2/4-W\- (39) 
A X 2 A t 
or 
. A, AI+AQ ., A« 
«4 + 2-=-R- S--I ^ 
or 
A, 
^ Q i + — = o( + ^  (41) 
4 2 
where 
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Figure 22 „ Finite difference grid 
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Figure 23. Division of drainage ditch into reaches 
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(42) 
N  
^ -— + At q . 
2 2 
In the watershed model Ax is not a constant but varies along the channel. The 
lateral inflow, q, is taken as the outflow from the elemental watersheds and is cal­
culated by 
- = OUTPUT(NUELUN(J),J) 
DELX 
where DELX represents A x and OUTPUT(NUELUN(J),J) is the outflow from the Jth 
elementary basin along the drainage ditch. Appendix K compares the ditch routing 
formulations presented here with those presented by Brakensiek (1966b). 
Equation 41 is solved iteratively by writing it as 
AI 
0 = o( 4* ^ ^4 ~ —2 
The assumed shape of the drainage ditch was trapezoidal with side slopes of two 
horizontal to one vertical, a bottom width of 10.0 feet and a slope of .001. These 
are approximately the dimensions of the drainage ditch of East Fork Hardin Creek. 
By using Manning's equation in the form 
Q x RN =1.49 A (45) 
RN is Manning's n for the drainage ditch 
R is the hydraulic radius 
A is the flow area 
S is the channel slope 
where 
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it was found that Q x RN could be expressed as 
1.0 
A '^2 
Q X RN = (-^) (46) 
for the range of depths of interest. Equation 44 can be written 
1.0 
-wf4-) -4" 
This equation was solved iteratively by defining Z as 
1.0 
and using trial values of A^ until the value of Z was within a preselected tolerance of 
zero. FUNCTION ASOL was used to solve this equation (Appendix K). 
More complete methods of stream routing are available (Chow, 1959; Henderson, 
1963) that include terms that have been neglected here such as the momentum of the 
flow. At this stage of development it was felt that the simplified routing procedure 
is sufficiently accurate to justify its use. 
Discussion of Model ^ 
The sequence of operations in Model I is as follows: 
1. Input physical characteristics of watershed. 
2. Output physical characteristics of watershed. 
3. Input initial time and rainfall values T1 and 11 . 
4. Output column headings and initial conditions. 
5. Input 12 and 12. 
6. Route through each elemental watershed for the time period T1 to T2. 
7. Route the outputs from step 6 down the drainage ditch for the time 
period T1 to T2. 
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8. Set initial conditions for next time period equal to conditions at T2. 
9. Output flows for T1 to T2. ' 
10. Repeat steps 5 through 9 until there are no more time-rainfall cards. 
11. Plot the hydrograph resulting from the flow computed for the watershed 
outlet. 
The input requirements for Model I are summarized in figure 24. The correct 
format for these cards can be determined from the program listing given in Appendix 
D. The definition of the variables is given in Appendix A. The decks labelled AU, 
L, TD, E, PCEL, and D1 are produced by the watershed simulation program as explained 
in the next chapter. 
As is apparent from the description of the Model, many assumptions have been 
made. One of the more obvious assumptions is that the rainfall that is applied is 
rainfall excess rather than actual precipitation. This is necessary because information 
on infiltration rates for the Clarion-Nicollet-Webster soil association is lacking. The 
applied rainfall is not necessarily rainfall excess in the usual meaning since all of the 
rain may not appear at the basin outlet. This would be the case if undrained depres­
sions were initially only partially full. Water would be stored in these depressions 
until the depth in the depression was great enough to cause the water to spill out the 
surface channel. The assumption of rainfall excess can be relaxed when suitable 
infiltration curves are developed. 
The time of travel for water from the time it enters a depression until it appears 
at the watershed outlet has been assumed to be much longer than the time of travel 
from the instant rainfall strikes the ground until it reaches a depression. This makes 
it possible to equate surface runoff into a depression with rainfall excess and neglect 
the time lag for the overland flow process. This assumption could be relaxed by 
Z6 
99999 
Any NOT^ AiME, RAIN 
AUA/TD,E,PCEL,D1 
DELX 
TWO BLANK CAR) 
No, Groups 
NELWSD 
^AU,LJD,E,PCEL,D1 
^U,L,TD,E,PCEL,Di 
XL,YL,GL,DL 
"NUELUNJOELEV, ' 
MDTÉST 
BWIDTH,S!DSLP.RN 
NELWSD,ZFD, MNT 
MNC, K, S, IPLOT, 
NE WAD 
Yj"No. Cards = 
NORCH + 1 
y TNO . Cards = ' ^ 
NORCH 
Y / No. Cards = 
NUELUN (NELWSD) 
V2' No. Cards - NUELUN(2) 
^No. Cards - NUELUN (1 ) 
/ 
Only If IPLOT= 1 
TNo. Cards= NELWSD 
Arrangements of data deck. This deck is followed by any number 
of cards containing time and rainfall intensity .information with 
one time and one intensity per card. Job terminated by 99999in 
second five columns of a card and followed by two blank cards. 
Figure 24. Arrangement of data deck for Model 1 
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routing the rainfall excess through a unit hydrograph or some type of reservoir before 
considering it as inflow to a depression. 
The numerical solution of the continuity equation in the elemental watershed 
routing procedure assumes that nonuniform, unsteady conditions can be approximated 
by a series of steady state solutions. For short time periods, DELT, this approximation 
is a good one. As DELT increases, the error in the approximation also increases. The 
sensitivity of the model to DELT is d'-cussed in a later chapter. The error in the 
approximation also depends on how fast the inflow and outflow are changing with 
respect to time. If the quantities are changing slowly with time, the error would not 
be as sensitive to the value of DELT, One inherent difficulty with the numerical 
solution of differential equations is that the error is cumulative since the solution at 
the end of one time period is used to determine the solution for the following time 
period. Ralston (1965) discusses these errors. 
The time interval, DELT, is also important in determining the magnitude of the 
error involved in computing the tile outflow from the last depression because the head 
in the ditch at time T is used to calculate the tile flow at T+DELT. Since the rate of 
change of the depth of water in the ditch is relatively slow, the magnitude of this 
error is not large unless very long DELT's are used. 
Several assumptions are made concerning the depressions themselves. The model 
makes no allowance for seepage from the depressions or for evaporation. Manson et al. 
(1965) have shown that the Minnesota potholes they studied had nearly impervious 
bottoms. Since relatively short periods of time are involved (less than 5 days), the 
volume of seepage and evaporation would be small. Thus the assumption of no seepage 
or evaporation does not introduce large errors. If one desired to include these quan­
tities in the Model, a daily withdrawal could be made from each depression. This 
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could be done in the case of evaporation by using the relationship between surface 
area and volume (equation 1) to determine the area exposed to evaporative processes 
and then subtracting an average daily evaporation once every 24 hours. 
The channels connecting depressions have been taken as prismatic, parabolic 
channels. All of the channels have the same shape (x=10y ) and slope (S=.001). 
In determining the flow in the channels as a function of the depth of water in the 
depressions, channel entrance losses were neglected. The water surface in the 
depression was assumed to be level thus any "wedge" storage was neglected. It was 
further assumed that the water surface had to be at least a distance of ZFD above the 
channel bottom before any channel flow occurred. ZFD was taken as 0.1 feet. 
In calculating the flow in the tile, the tile lines were treated as continuous 
pipe. No inflow or outflow to a tile was allowed at any place except surface inlets. 
In computing the flow into a surface inlet, the assumption was made that the flow area 
of the tile intake was the same as the area of the tile directly downstream from the 
depression. 
Model II 
The basic framework of Model II is identical to that of Model I with one excep­
tion. In Model II the head in the drainage ditch, H(NUELUN+1), is assumed to be 
constant and equal to the tile outlet elevation, TOE LEV. In Model I H(NUELUN+1) 
at time T+DELT is equal to the maximum of either the depth of water in the ditch at 
time T or TOELEV, Identical results are achieved with the two models as long as the 
tile outlets are not submerged and the elementary watersheds have similar character­
istics. Submerging the tile outlets of Model I reduces the tile flow from that model. 
79 
The advantage of Model II is that the outflow from the elemental watersheds is 
not a function of the flow in the drainage ditch. This makes it possible to route an 
entire storm through the elemental watersheds and then route the outputs from the 
elemental watersheds down the drainage ditch. This in itself would not save any 
computer time; however, by limiting the number of different types of elemental basins 
and then introducing the output from each of these basins at several points along the 
drainage ditch, a large, complex watershed can be simulated by using only a few 
elemental basins. For example a 1,800-acre watershed can be simulated using one 
50-acre, one 100-aere and one 150-acre elemental basin and introducing the outputs 
from each of these basins at six different points along the drainage ditch. To simulate 
this watershed using Model I and the same elemental basins would require 18 elemental 
basin routings whereas the use of Model II would require only 3 elemental basin 
routings. 
With Model II, if the number of types of elementary basins is NITYPE, for a 
given time period the number of times, equation 32 is solved is 
NITYPE 
N _ =  S  N U E L U N ( J ) .  ( 4 9 )  
J=1 
If there are T^ time periods, the equation must be solved simulate 
any watershed, is always less than or equal to If l^ss than a 
saving in computer time would result. 
The procedures used for the elemental basin routings and the ditch routing in 
Model II are identical with those of Model I so the explanation of the procedures will 
not be repeated. 
The sequence of operations in Model II is somewhat different than for Model I 
even though the operations are identical. The Model II sequence is as follows: 
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1. Input all time and rainfall cards. 
2. Input NITYPE, NELWSD, NEWAD, RN, IPLOT, [PUNCH, I ROUTE. 
3. Input hydrograph labels. 
4. Input physical characteristics of an elemental basin. 
5. Route storm through the elemental basin. 
6. Output flow results for the basin. 
7. Repeat 4, 5, and 6 until all NITYPE elemental basins have been used. 
8. Input reach lengths and initial flows for ditch routing routine. 
9. Input information describing where to introduce elemental basin outputs 
along the ditch. 
10. Route inputs down the drainage ditch. 
11. Output hydrograph coordinates. 
12. Plot hydrograph. 
The input requirements for Model II are summarized in figure 25. The correct 
format for these cards can be determined from the program listing in Appendix E. As 
with Model 1, the decks labelled AU^ L, TD, E, PCEL, and Dl are produced by the 
watershed simulation program. 
The assumptions that apply to Model II are identical to those for Model I except 
the change in the method of computing the head in the ditch. Tests with Models I and 
II have shown that the assumption concerning the head in the ditch did not have as 
much affect on the outflow hydrographs as had been expected. One reason for this is 
that when the flow in the ditch is great enough to submerge the tile outlet, a large 
percentage of the flow entering the ditch is from surface channels. Thus a small per­
centage change in tile flow due to the difference in the assumed head in the ditch 
does not have much affect on the total watershed outflow. 
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ITYPE(j),i=l, 
NELWSD 
DELX 
AU,L,TD,E,PCEL,D1 
IUELUN,MNT,MNC,1 
TOELEV,K,S,MDTEST 
f /— No. Cards = 
— NORCH + 1 
8 
No. Cards = 
NORCH 
XL.YL,GL,DL 
ITYPE,NELWSD, 
NE WAD. RN.IPLOT 
time, RAIN 
8 
NITYPE of these decks 
Any No. 
Figure 25. Arrangement of data deck for Model II 
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Model 11 has several advantages over Model I. By limiting the number of 
different types of elemental basins. Model II requires less computer time. The reduction 
in computer time is approximately proportional to the ratio of and '^t2' 
Model I requires a considerable amount of computer storage to keep account of 
the variables that change with time for every depression in the watershed. This model 
cannot be used for very large watersheds on small computers. 
Model II, on the other hand, does not require as much computer storage since 
the elemental routings are done one at a time and at the conclusion of one elemental 
routing all information concerning this routing except the elemental outflow is destroyed 
by the next elemental routing. Thus the storage requirement for Model II is somewhat 
independent of the number of elemental routings to be made. 
Model II also possesses the ability to be broken into two separate programs with 
the output from the first being the input for the second. This makes the Model adaptable 
to small computers and introduces a large degree of flexibility that is not possible with 
Model I. The separation of the Model into two programs is done so that the elemental 
watershed routing routine is one program (Model lia) and the ditch routing routine is 
the second program (Model lib). The first seven steps in the Model 11 operating 
sequence make up Model Ha and the remaining five steps form Model lib. 
Model lia, b has the desirable property that "standard" storms may be applied to 
several "typical" elemental watersheds by using Model lia. By inputting to Model lib 
various combinations of outputs from I la, complex watersheds of various sizes can be 
studied and the effect of various rainfall patterns can be simulated. 
The simulation of a variable rainfall pattern is explained in the following 
example. A complex watershed consists of 12 elemental watersheds. It is desired to 
simulate a storm that passes across the watershed with the highest intensities in the 
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upper reaches of the watershed and lower intensities near the outlet. The high intensity 
is a steady rainfall of 1.5 inches per hour for 3 hours and the low intensity is 0.5 
inches per hour for 3 hours. If we assume that the storm to be simulated can be repre­
sented by three intensities 1.5, 1.0, and 0.5 inches per hour with the higher intensity 
applied to the upper reaches, the medium intensity applied to middle reaches, and the 
low intensity applied near the outlet, the approach to the problem becomes clear. 
Using the watershed generation program (explained in next chapter) we first 
generate four elemental watersheds. Next using Model lia we apply each of the three 
intensities to the four elemental watersheds. Finally taking the outputs from 11a and 
introducing them Into lib so that the assumption of the storm pattern distribution is 
met, we obtain the total watershed outflow hydrograph. 
If it was desired to compare this with the results of a uniform storm of the same 
volume, the output from lia for the 1.0 inch per hour rain would be the only input to 
lib and it would be introduced in such a manner as to simulate the 1.0 inch per hour 
storm on the total watershed. 
Finally if the same storm pattern except with the high intensity near the outlet 
was desired, the same outputs from lia would again be used as input to lib except that 
the order of introduction would be reversed from the first case. 
The separation of Model II into two parts makes it possible to introduce the 
outputs from part I la repeatedly in different combinations into lib to for^n a diversity 
of hydrographs produced by the various watersheds and storm patterns that can be 
formed from the lia outputs. 
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GENERATION OF SYNTHETIC WATERSHEDS 
Since modelling any actual watershed would require a tremendous amount of 
data and data reduction, all watersheds used in this study were synthetic. 
The results of the study of the physical characteristics of north-central Iowa 
were used as the basis for generating the synthetic watersheds on which the Model was 
applied. 
The fact that the distribution of pothole areas could be approximated by a 
Weibull probability density function was used as a starting point. The cumulative 
Weibull distribution can be written 
Ffy] = 1. - e \ b / (50) 
where 0 6 F[y] ~ 1 . Thus the cumulative distribution of pothole areas. A, can be 
written /A-a^'^ 
Solving this equation for Awe get 
A = b ^-ln(l-F [a] + a. (51) 
Since 0^ F[A] - 1, values of A are determined by substituting for F[a] random 
numbers between zero and one. In this way pothole areas that follow the distribution 
derived from field data are produced. Equation 51 is the inverse of the cumulative 
distribution of the Weibull probability density function. The parameters a, b, and c 
that were used are given in equation 10. 
From equation 9 the area contributing runoff to the pothole, A^, is found to be 
A^ = 14.4 A'^^^ (acres). (52) 
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Using equations 1 and 2 pothole volumes and depths are found to be 
V" = .344 (acre-feet) (53) 
and 
1 
/ 1/. \ 2.424 
D =[-—Î95-) (feet). (54) 
The length of the tile connecting depression I and 1+1 is found from the 
relationship 
L(l) = 1/2 (/43560 X A^(l) + ^ 43560 x A^(|+l) ) (feet). (55) 
This relationship assumes that A^ is square and the depression is located at the center 
of A . 
c 
The length of the tile connecting the last depression to the ditch is found from 
equation 55 by setting l=NUELUN and A^(l+1)=0. 
Tile diameter, TD, is computed by making use of Manning's equation for full 
tile flow 
Q = 138 A 
where is the slope, 
A is the area, 
and R is the hydraulic radius of the tile, 
Q is approximately equal to the drainage area times the drainage 
coefficient divided by 24. 
Q = X Area (56) 
Rewriting Manning's equation we have 
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DC 
24 
Arec = 138 
and solving for TD 
TD = 
ys 
or 
TD = 12 
3/8 
(feet) 
(inches) 
The elevation of the pothole rim, PCEL, was computed from 
PCEL = S X L + DITDEP 
(57) 
(58) 
where 
S is the average land slope 
Lj, is the distance from the drainage ditch 
DITDEP is the depth of the drainage ditch. 
This last calculation indicates that the bottom of the drainage ditch is taken as the 
reference datum. 
The elevation of the pothole bottom, E, was found from 
E = P C E L - D .  ( 5 9 )  
The initial depth of water in a depression, D1, was specified as a fraction of 
the total depth of the depression, DL 
D1 = (PCEL-E)x Dl (60) 
= D X Dl 
The above relationships were programmed. Approximately 200 depressions could 
be simulated and punched on cards in 19 seconds. A listing of the simulation program 
is given in Appendix F. 
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This program is written so that it is compatible with both Model I and IL The 
number of elementary basins and the number of depressions in each elementary basin 
is a variable. Other variables include the average land slope, initial depth, depth 
of drainage ditch, drainage coefficient, tile slope, and the three parameters (a, b, 
and c) of the Weibull probability density function. 
No attempt has been made to compute the dimensions of elemental watersheds 
so that if they were actual physical quantities they could be laid side by side to form 
a complex watershed. The spacing between tile along the drainage ditch is computed 
as an average spacing. This spacing is equal to 1/2 of the average length of tile 
connecting 180 depressions as determined from equation 55. The factor 1/2 enters 
since tile join the drainage ditch from both sides. This average spacing was found 
to be 365 feet. Thus in figure 23 /I X| = AXg = A = 365 feet. The A X where 
tile enter was taken as 1.0 feet. Thus /I Xg = AX^ = 1.0 feet. 
Table 7 presents a sample of the output from the watershed generation program. 
This output can be considered as the components of an elemental watershed. Analysis 
of data of this type shows that watersheds of 24 square miles (East Fork Hardin Creek) 
have approximately 676 acre-feet of depress! onal storage. This amounts to slightly 
more than 1/2 inch of water over the entire watershed. 
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Table 7» Sançle output from waterslied generation program 
Elevation (feet) 
Tile of Depression Initial water 
Area- Length- Diameter- Bottom Rim depth 
acres feet inches feet 
4.120 402.242 6.000 45.835 46.003 0.0 
3.330 553.577 6.000 43.864 43.992 0.0 
12.109 880.574 8.000 40.537 41.224 0.0 
24.586 1010.791 12.000 35.094 36.821 0.0 
22.351 702.512 14.000 30.241 31.767 0.0 
4.017 601.680 14.000 28.092 28.255 0.0 
14.148 609.698 14.000 24.405 25.246 0.0 
4.331 424.474 14.000 22.018 22.198 0.0 
3.946 611.201 14.000 19.916 20.076 0.0 
14.980 403.899 16.000 16.113 17.019 0.0 
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TESTING MODELS 
Influence of DELT 
In the discussion of the Model it was pointed out that the numerical solution of 
the continuity equation assumed that non-uniform, unsteady conditions can be approxi­
mated by a series of steady state solutions. The time interval, DELT, used in this 
approximation was found to have a major influence on the outflow hydrographs from 
the elemental watersheds. Figure 26 illustrates the effect of DELT for the elemental 
watershed v/hose physical characteristics are shown in table 8. The rainfall excess 
applied to the watershed is also shown in figure 26. 
For long DELT's, the outflow hydrographs have very low, broad peaks whereas 
the shorter DELT's have high, distinct peaks. The peak inflow rate was 108 cfs and 
occurred during the second hour of the storm. One interesting thing that is shown in 
the figure is regardless of DELT, the runoff volume was nearly a constant and very 
nearly equal to the rainfall excess volume of 321 cfs-hours. The runoff volume for 
DELT of 1.2 minutes was not determined since the routing was terminated at 6 hours. 
Table 8. Properties of elemental watershed used to study effect of DELT 
Pothole 
No. 
Unit Area 
acres 
Tile Diam. 
feet 
Tile Length 
feet 
Bottom Elev. 
feet 
Rim Elev 
feet 
1 3.3 0.50 404.3 44. 1 44.2 
2 4.2 0.50 521.3 42.0 42.2 
3 8.6 0.67 600.0 3 9 . 1  39.6 
4 7.9 0.83 755.4 36.2 36.6 
5 19.6 1.00 750.5 31.5 32.8 
6 7.6 1.00 627.3 28.7 29. 1 
7 10.5 1.00 593.4 25.4 25.9 
8 6.0 1. 17 5 1 8 .  1  22.7 23.0 
9 6 . 4  1. 17 668.4 2 0 . 1  20.4 
10 15. 1 1. 17 404.9 16. 1 17.0 
DELT = 1 ,2 min 
DELT =5 min, 321 cfs hrs 
i^DELT = 15 min, 318 cfs hrs 
DELT = 30 min, 309 cfs hrs 
c- DELT = 60 min, 317 cfs hrs 
u_ 
Rainfall Excess 
Time, hours 
10 20 40 0 30 50 
Time (hours) 
Figure 26. Influence of DELT on elemental watershed routing 
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Various schemes were tried to reduce the total number of time intervals and yet 
retain the accuracy of the short interval. One of the methods tried when hourly pre­
cipitation data was used was to use the following times in hours after the beginning of 
any hour: .02, .04, .06, .26, .50, .74, .96, .98, and 1.00. This gave a total of 
9 DELT's per hour. The resulting outflow hydrograph was similar in shape to those in 
figure 26 and had a peak of 35.9 cfs or 2.8 cfs less than the 5 minute peak. Since the 
5 minute DELT has only 12 intervals per hour, one would be justified in using it rather 
than the variable interval because of the increased accuracy. 
A second method that was tried and found to be quite satisfactory was to use 
one DELT until the peak was passed and then increase the interval. Figure 27 shows 
the results of the application of this method to the elemental watershed under discus­
sion. The time interval was changed at 8 hours from 5 minutes to 30 minutes. The 
maximum deviation between the two hydrographs is 3.5 cfs. The hydrograph using the 
v a r i a b l e  D E L T  r e d u c e d  t h e  t o t a l  r u n  t i m e  o n  t h e  c o m p u t e r  b y  a  f a c t o r  o f  2 . 1 .  
In view of the several assumptions that are made in the Model, the use of a 5 
minute increment until the peak is passed and then a 30 minute increment is recom­
mended. This introduces an error of a few percent in the hydrograph but will permit 
a saving of computer time around 2.1 times the 5 minute increment or about 4 times 
the 1.2 minute increment hydrograph. 
DELT also enters in the ditch routing routine as can be seen from equation 36. 
To study the effect of DELT on the outflow hydrograph from the drainage ditch, 
lateral inflow hydrographs were introduced into the ditch routing routine (Model lib). 
These inflow hydrographs were defined at increments of one hour. If a shorter incre­
ment was desired, the hydrographs were assumed to be linear between the hourly 
coordinates. Intermediate coordinates were obtained by linear interpolation. Thus 
any change in the outflow hydrograph can be attributed to DELT in the ditch routing 
92 
35 
At = 5 rr.in 
At = 3 0  min after 8  hrs 
30 
25 
20 
15 
U-
10 
5 
0 
50 40 30 20 10 0 
Time, hours 
Figure 27. Outflow with variable DELT compared to DELT equal to 5 minutes 
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routine rather than to more accurate representation of the inflow hydrographs when 
shorter DELT's were used. 
Two cases were studied. One was a 4,025 foot long drainage ditch and the 
other was a 16,835 foot long drainage ditch. Both ditches were divided into reaches. 
As in the watershed Model, the reaches between tile outlets were 365 feet long and 
the reaches containing the tile outlet were 1 foot in length. 
Table 9 presents the results from the 4,025 foot ditch. After 2 hours, the 
difference in the outflow hydrograph for the various DELT's is negligible. The total 
error in using the 60 minute time increment for this ditch is small and for practical 
purposes could be neglected. 
Table 10 and figure 28 present the results of this study for the 16,835 foot 
ditch. In this case the error in using longer time intervals is quite pronounced until 
7 hours. The error in using a 15 minute interval as opposed to a 5 minute one is 
negligible after 2 hours. 
It is apparent from the above examples that the elemental watershed routing 
procedure is much more sensitive to DELT than the ditch routing procedure. Thus 
DELT should be selected so that the elemental watershed outflows are satisfactory. 
This DELT will also be satisfactory for ditch routing. 
Computational Accuracy 
The complexity of the computer programs that make up the Models is such that 
checking the calculations manually is nearly impossible. It was therefore necessary 
to use other means of verifying their computational accuracy. 
Three methods of verification were used. The first method was merely to judge 
by observation of the relevant factors whether or not the output appeared reasonable. 
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Table 9. Coiiç»arison of outflow hydrographe for the 4-025 foot ditch 
Time- Flow (cfs) for DELI of 
hours 5 minutes 15 minutes 30 minutes 60 minutes 
0 0.00 0.00 0.00 0.00 
1/2 57.84. 34.94 28.47 
1 115.77 103.18 87.83 85.41 
2 152.80 152.83 152.84 144.09 
3 177.28 177.32 177.33 177.34 
4 216.29 216.35 216.36 214.37 
5 245.77 24-5.83 245.85 245.87 
6 275.16 275.23 275.25 275.27 
7 277.92 278.01 278.03 278.04 
8 265.90 265.98 266.00 266.00 
9 253.62 253.69 253.72 253.72 
10 244.22 244.29 244.31 244.32 
15 233.26 233.29 233.31 233.32 
20 184-. 33 184.37 184.39 184.40 
30 89.98 90.03 90.04 90.04 
4-0 23.73 23.75 23.76 23.76 
50 0.00 0.00 0.00 0.00 
Table 10, Comparison of outflow hydrographs for the 16835 foot ditch 
Time- Flow (cfs) for DELT of 
hours 5 minutes 15 minutes 30 minutes 60 minutes 
0 0.00 0,00 0.00 0.00 
1/2 123.08 33.61 39.79 
1 345.08 157.70 175.58 210.73 
2 633.60 520.75 486.06 472.67 
3 737.00 736.99 682.42 653.08 
4 901.05 901.04 849.59 820.34 
5 1023.29 1023.30 998.38 961.65 
6 1143.68 1143.70 1131.26 1090.66 
7 1153.56 1153.61 1153.61 1153.59 
8 1103.36 1103.30 1103.30 1103.32 
9 1052.24 1052.27 1052.27 1052.29 
10 1013.48 1013.48 1013.47 1013.49 
15 969.06 969.09 969.09 969.11 
20 764.22 764.12 764.12 764.13 
30 366.84 366.66 366.67 366*68 
40 95.01 95.03 95.04 95.05 
50 0.00 0.00 0.00 0.00 
1200 
16835 foot drainage ditch 
800 
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400 
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Figure 28» Influence of DELT on ditch routing 
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A second method of checking was to compare the volumes of input rainfall 
excess with the volume of output. If the initial conditions on the watershed ore 
chosen so that there is initially no flow but so that as soon as rainfall begins runoff 
also begins, the rainfall excess volume should equal the volume of runoff. 
The third method of checking the computational accuracy of the Models was to 
apply a continuous, steady rainfall. In this situation the outflow should reach a 
steady state and be equal to the rainfall rate. 
Figure 26 shows that the elemental watershed routing routine produces the 
correct volume of runoff. The rainfall excess used to produce these curves had a 
volume of 321 cfs-hours. When a DELT of 5 minutes was used, the volumes of runoff 
from the elemental basin were equal to the inflow volume of 321 cfs-hours. The 
runoff volumes for DELT's of less than 5 minutes were slightly low but surprisingly 
close to the correct volume when one considers the discrepancies in peak flows. The 
fact that the volumes are nearly equal for these widely varying hydrographs indicates 
that the volume check alone is not sufficient to verify the accuracy of the Model. 
The volume check was also made on the total outflow hydrograph from a large 
watershed. Figure 29 is a plot of the outflow from a watershed of 15,217 acres. The 
input volume of rainfall excess was 22,850 acre-inches or about 22,600 cfs-hours. 
The volume under the outflow curve was measured with a planimeter to be 22,000 
cfs-hours indicating satisfactory agreement. 
One of the checks with a steady rainfall excess input is illustrated in figure 30. 
This outflow curve is for an elemental watershed of 130.4 acres. The rate of input was 
1/4 inch per hour. This corresponds to 32.4 cfs which is the equilibrium outflow rate 
that the elemental watershed achieved. 
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Figure 29. Outflow curve for a 15,217 acre watershed 
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Figure 30. Equilibrium test for elemental watershed 
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Figure 31 shows the outflow from a 1,500 acre complex watershed that resulted 
from a steady inflow rate of 1/4 inch per hour or 373 cfs. As with the elemental 
watershed routing routine, the correct steady state solution was obtained. 
These same checks were made on several other outflow hydrographs with equally 
good results. From these tests it was concluded that the computational accuracy of 
the computer programs is satisfactory. 
The checks performed above were done with Models 11 and lia, b. Model I 
uses the same calculation procedures and so would be expected to produce identical 
results with Model II if the tile outlet did not become submerged. To verify the 
computational accuracy of Model I, identical storms and watersheds were analyzed 
to produce figure 32. As can be seen from this figure the difference for the 1,552 
acre watershed that was used is negligible. 
Influence of ZTEST in FUNCTION ASOL 
As explained in Appendix K, equation 48 is solved iterotively until a value of 
A^ is found so that the computed absolute value of Z (equation 48) is less than ZTEST 
percent of A^. It was found that the magnitude of ZTEST has considerable influence on 
the outflow hydrographs. Figure 33 shows the outflow hydrographs that resulted when 
the same inflow hydrograph was introduced into the head of a 7.4 mile long drainage 
ditch and different values of ZTEST were used in equation 48. Although the peak flow 
rates are approximately equal, the shape and timing of the two hydrographs are not the 
same. 
The ditch was carrying a base flow of 10 cfs at the start of the test. With a 
ZTEST of 0.01 it took about 7 hours for the flow to travel the 7.4 miles of the stream. 
The ZTEST of 0.1 shows the flow reaching the outlet almost immediately indicating 
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Figure 31» Equilibrium test for ditch routing 
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errors must be present. 
If the value of ZTEST is chosen too small, equation 48 will not converge. To 
guard against this possibility, any time 15 iterations had been made and the solution 
had not converged, the value of ZTEST was increased and an error message written 
on the computer output sheet. In no case was it necessary to increase ZTEST beyond 
0.03. 
Effect of Manning's n 
Figures 34 and 35 demonstrate the effect of Manning's n on the shape of the 
outflow hydrographs. Figure 34 presents results from routing flows from elemental 
watersheds down the drainage ditch. In this routing elemental watershed hydrographs 
were introduced along the ditch. In figure 35 flow was introduced at the head of the 
ditch with no lateral inflows. 
The reduction and delay of the peak discharge for higher values of Manning's n 
is as expected. Figures 34 and 35 demonstrate that Manning's n is more influential 
when there is no lateral inflow. This is apparent from the greater delay in the peak 
discharge for the situation with no lateral inflow than for the case with lateral inflow. 
One reason for this is that on the average the water must travel farther when there is 
no lateral inflow. The longer travel time means the flow is subjected to the influence 
of the channel roughness for a greater period of time giving it more opportunity to be 
influenced by this roughness. 
Influence of Drainage Coefficient 
The drainage coefficient, DC, defined as the amount of water in inches to be 
removed from the entire area in 24 hours, is an important variable in determining the 
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rate of tile outflow. Equation 56 shows that the tile outflow is directly proportional 
to the drainage coefficient for full tile flow. 
Figure 36 shows the effect of two drainage coefficients on the outflow from a 
1,500 acre watershed when the rainfall excess that was applied was 1/8-inch per 
hour for 12 hours. The peak flows for the 1/4- and 1/2-inch per day coefficients 
were 71 cfs and 112 cfs. Although the drainage coefficients differ by a factor of 2, 
the peak outflow is not doubled for the larger coefficient. The reason for this is that 
there is channel flow occurring in both cases and channel flow is indirectly related to 
the drainage coefficient in a nonlinear manner. The relationship between DC and 
channel flow arises because for smaller DCs the depressions will fill faster and to a 
greater depth thus promoting more channel flow. 
Figures 37 and 38 show the effect of drainage coefficients on the outflow hydro-
graph for a basin of 15,260 acres. These outflows result from a low rainfall excess 
intensity of 1/8-inch per hour for 12 hours. The three curves for each drainage 
coefficient represent different amounts of tile drainage on the watershed. In both 
cases the lower curve resulted when none of the depressions were drained, the middle 
curve when 50 percent of the depressions were drained, and the upper curve when all 
of the depressions were drained. 
As with the smaller watershed, for a given percentage of depressions drained the 
peak flows are reduced by lowering the drainage coefficient but not in direct propor­
tion to the drainage coefficient. In figures 37 and 38 the total volume of runoff is 
not the same for the three drainage conditions because the undrained depressions must 
fill before any runoff is produced from them. The volume of water needed to fill the 
undrained depressions does not appear at the watershed outlet. 
160 
120 
. Effect of drainage coefficient 
DC = 2 inch/day 
80 
DC = 3 inch/day 
40 
0 
0 
Time, hours 
Figure 36. Effect of drainage coefficient 
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Figure 37. Outflow from 15,260-acre watershed with DC=l/4 
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Effect of Rainfall Intensity and Volume 
In recent literature (Amorocho 1963, 1966) there has been considerable discussion 
as to the linearity of hydrologie systems. Unit hydrograph theory is based on this con­
cept and states that for a given rainfall duration, the outflow from a basin is propor­
tional to the outflow from a storm of unit volume (1 Inch of runoff from the watershed) 
and the proportionality factor is equal to the volume of runoff. To get the ordi nates 
for a hydrograph produced by 2 inches of rainfall excess, the ordi nates for a hydrograph 
produced by 1 inch of rainfall excess would be doubled. 
To determine if Models I and II were linear according to the above definition of 
the term, storms cf 1/2, 1, and 1 1/2 inches per hour of rainfall excess for 3 hours 
were applied to Model II, The simulated watershed had an area of 1552 acres. Both 
the drained and undrained situation were studied. Table 11 and figure 39 summarize 
the results of these tests. 
If the hydrograph s produced by the 1 inch per hour intensity are taken as the 
base, unit hydrograph theory would predict the peak flows given in table 12. Com­
paring these tables it is apparent that unit hydrograph theory is not valid for this Model. 
Table 11 . Check on linearity of Model II 
Intensity Peak Flow (cfs) 
in./hr, undrained drained 
0.5 69 158 
1.0 393 391 
1.5 911 888 
1/2 iph 
800 
Hydrographs for 3 hours of 
rain at specified intensities 
watershed drained DC = 1/2 inch/day 
watershed undrained 
600 
depressions initially empty 
12 elementary watersheds 
400 U 
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Figure 39. Comparison of outflows for various rainfall excesses with and without drainage 
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Table 12. Peak flows from unit hydrograph theory 
Intensity Peak Flow (cfs) 
in./hr. undrained drained 
0.5 197 196 
1.0 393 391 
1.5 590 587 
By considering the basic equations that form the Model, this discrepancy between 
the Model and unit hydrograph theory can be explained. A few of the reasons are: 
1. Storage in the depressions is not a linear function of depth (equation 2). 
2. Tile flow is not a linear function of stage in the depressions (equation 15). 
3. Channel flow is not a linear function of stage in the depressions (equation 
25). 
4. Flow velocity in the drainage ditch increases with stage in the ditch 
(equation 46). 
From tables 11 and 12 it can be seen for storms of the magnitude studied, the 
Model indicates watersheds containing considerable depressional storage respond in a 
nonlinear manner to various rainfall intensities. 
Effect of Depression Drainage on Watershed Runoff 
One of the main reasons this study was initiated was to study the effect of 
depression drainage on runoff hydrograph s. This section will set forth a few observa­
tions and general comments relative to this objective. All comments should be inter­
preted as preliminary and for the purpose of demonstrating the applicability of the 
Model. No attempt has been made to make a comprehensive study to ascertain the 
effect of drainage on flood peaks, frequencies, and volumes under field conditions. 
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Figures 37 and 38 demonstrate for a long-duration, low-intensity rainfall 
excess, the peak flow increases with increasing percentage of depressions drained and 
that the increase in the peak flow is nearly proportional to the increase in drainage. 
Figure 39 also shows that for low intensity storms, the peak outflow is increased when 
the depressions are drained. 
On the other hand, figure 39 shows that for storms with relatively high inten­
sities, the peak outflow is substantially unchanged by drainage. The reason for this 
is that for the larger storms the flow through the drain tile is a small portion of the 
total outflow and channel flow is the main determinate of the runoff characteristics. 
As was stated in the Introduction, it is possible to decrease the peak discharges 
in some instances by draining the depressions. Figure 40 demonstrates this decrease 
when the rainfall excess that was applied was 0.15-inches per hour for 3 hours 
followed by 1 hour of 1.5 inches per hour. 
In the undrained case the depressions were just full after 3 hours so there was no 
room for additional storage when the high intensity rainfall occurred. In the drained 
situation the outflow through the tile had nearly reached equilibrium with the low 
rainfall rate during the first 3 hours; when the high intensity rain occurred, the depres­
sions were able to store some of this rain and release it through the tile. The net 
effect was the drained watershed had a lower peak discharge than the undrained one. 
In general the results from the Model indicate that for flows that are great 
enough to cause flood damage, the peak discharge is unaffected by drainage. In 
cases where there is an effect from drainage, by the time the flows had travelled 
through a few miles of stream, the effect would not be detectable. Thus downstream 
flooding is probably not effected by the installation of tile for storms of the type 
studied in this research. 
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Figure 40. Decrease in peak flow due to drainage 
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Effect of Initial Depth of Water in Depressions 
The initial depth of the water in the depressions is specified by the watershed 
simulation program as a percentage of the total depth of the depressions. This makes 
it possible to study the effect of the initial depth on runoff hydrographs. 
Proponents of agricultural drainage have stated that draining potholes would 
reduce flooding since the potholes would be empty at the beginning of storms and 
thus provide a storage reservoir for some of the rain. They also argue that undrained 
depressions may be full of water at the beginning of a storm thus forcing the rain to 
runoff immediately. 
A complete evaluation of this argument would require a study of the probabilities 
of water depths in depressions at the beginning of storm periods. An approximate 
evaluation can be made by examining the extreme cases of empty depressions with 
drainage and full depressions without drainage for the same storm. Figure 41 pre­
sents the results of tests of this kind. 
Storms with intensities of 1/2- and 1 1/2-inches per hour for 3 hours were 
studied. Figure 41 shows that for the small storm the peak flow is the greatest for 
the drained situation. For the larger storm, the peak is reduced about 100 cfs or 10 
percent from that of the undrained case. 
From this study it can be concluded that if a large storm did occur when the 
depressions would be full of water unless drained, the peak discharge would be greater 
than from a similar watershed that was drained. 
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APPLICATIONS FOR MODEL AND SUGGESTED FUTURE WORK 
The Model developed in this study can serve as a foundation for comprehensive 
studies on the hydrology of basins in north-central Iowa and for economic and legal 
studies concerned with drainage design and drainage district assessments. 
The Model can serve as a means of gaining insight into the mechanics of runoff 
from depressional areas and of providing guidelines for making decisions concerned 
with the hydrologie effects of modifying existing drainage patterns. The Model can 
supplement but never replace human judgment in the decision-making process. 
One of the most important and possibly the most controversial investigations that 
can be made with the Model is a study of the effect of pothole drainage on flood flows. 
A brief discussion of this problem was given in the preceding chapter. A complete 
study of this problem would necessarily include an investigation of frequencies of 
rainfall events of various durations and an investigation of the probabilities of various 
antecedent conditions on the watershed. It would also be necessary to determine the 
modifications that a runoff hydrograph would undergo before it reached the point 
along the stream where flood damage could occur. 
A second example of a possible hydrologie study was given in the section on 
Model II. The method of simulating a variable rainfall pattern over a watershed was 
discussed. Figure 42 illustrates the results that were obtained when a study of this 
kind was made. In this example a 15,260-acre watershed was used. One important 
thing that is apparent from figure 42 is the error that can be introduced if a nonuniform 
rainfall pattern is approximated by a uniform one. Even though the volume of runoff 
was the same for all three rainfall patterns, the peak flow was greatly influenced by 
the assumed rainfall distribution. Techniques similar to the one used to produce 
figure 42 could also be used to study the effect of storms that travel slowly across a 
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watershed. 
The method of routing through the elemental watersheds makes it possible to draw 
a curve relating the depth of flooding in a depression to time (figure 43). Equations 1 
and 2 make it possible to relate the flooded area to the depth of flooding. By com­
bining these relationships with data on yield suppression due to given flood depths 
for given durations, the Model makes it possible to make an analysis on the economic 
aspects of designing drainage systems based on different drainage coefficients. 
Figure 43 is for a depression next to the drainage ditch. Similar curves could be 
constructed for depressions located at different distances from the ditch. By using 
these curves and data on yield supression due to flooding, an equitable means of 
assessing farmers for drainage district costs could be derived. Presently many drainage 
districts base their assessments on proximity to the drainage ditch. Figure 18 shows 
that it may be possible for the most upstream depression to drain into lower depressions 
thus causing harm rather than benefit. In this situation the upstream land owner 
receives more benefits than the lower owner and should be assessed accordingly. 
The Model provides a means of evaluating where more research is needed to 
adequately answer questions concerned with the economics of runoff modification. 
For instance we need more information on the damage to crops due to flooding at 
various depths, durations, and stages of growth. 
Model 1 provides a means of studying the effect of tile outlet submergence on 
tile flow and flooding durations in depressions. It also could be used as an aid in 
designing the most economical cross section for drainage ditches. 
In short the Model provides a basis whereby comprehensive study and planning 
on a watershed scale is possible. 
Considerable work remains to be done on the Model. An infiltration routine 
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should be developed to make it possible to use as input actual precipitation data 
rather than rainfall excess. 
More efficient methods for the numerical solution of equations 32 and 48 should 
be investigated. A major part of the computer time required for routing storms 
through the Model is used in solving equation 32. 
Several field investigations would be desirable to verify the model and improve 
some of the approximations that are employed. Data should be collected to define the 
channels that connect potholes. Observations should be made on the water levels in 
several drained depressions to ascertain if the levels change as predicted by the Model. 
Measurements should be made of tile outflows and compared with outflows predicted 
by the Model. 
The method of routing through the drainage ditch is a simplification of a complex 
problem. As can be seen from equations 36 and 37, the method is based on the 
continuity equation and a rating function. More complete formulations for this 
problem are available (Brakensiek et cl., 1966). Subroutines that use these more 
complete formulations should be developed and used to test the validity of the 
simplified method that was used in this study. 
One source of flow in the tile systems that was not modelled is the flow 
resulting from water moving through the soil and entering the tile laterals through 
the cracks between individual tiles. For ease of discussion let this type of flow be 
denoted as secondary tile flow and the flow that enters the tile directly from depres­
sions through surface inlets as primary tile flow. 
Secondary tile flow does not appear at the watershed outlet as soon as direct 
surface runoff or primary tile flow. Two of the major reasons for this are the rela­
tively slow movement of water through soil and the unfavorable hydraulic gradient 
that would be encountered while primary tile flow is occurring. Secondary tile 
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flow would probably begin some time after the peak of the outflow hydrograph had 
occurred and would continue for several days. 
Figure 44 presents an attempt to simulate with Model II a runoff event that 
occurred on East Fork Hardin Creek beginning on June 11, 1966. The rainfall excess 
hyetograph was estimated by measuring the actual runoff volume and assuming a 
constant infiltration rate so that the rainfall excess volume was equal to the runoff 
volume. 
Figure 44 shows that the Model predicts the shape of the hydrograph but over­
estimates the flow rates until about 40 hours have elapsed. This overprediction is 
probably caused by an overestimate of the volume of direct surface runoff and primary 
tile flow. 
The observed hydrograph tended to reach a constant outflow of around 225 cfs 
after 30 hours. This constant flow is probably the result of secondary tile flow. In 
measuring the volume of runoff, some of this secondary tile flow was included. Since 
the Model does not have a component to estimate secondary tile flow, the Model was 
forced to simulate the secondary flow as either primary tile flow or channel flow. 
If the volume of secondary tile flow could be eliminated from the total esti­
mated runoff volume and the Model then used to predict the remaining runoff, better 
estimates of the flow rates could be obtained. Figure 44 demonstrates the validity 
of the Model for the estimation of channel flow and primary tile flow. 
The estimation of secondary tile flow is a challenging and important area of 
research that should be pursued. 
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Figure 44, Comparison of model output with East Fork Hardin Creek runoff hydrograph 
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SUMMARY AND CONCLUSIONS 
Critics of agricultural drainage have attributed some of the recent flood damage 
along major rivers to draining of depressional areas in Iowa and Minnesota. Propo­
nents of agricultural drainage have stated that depressional drainage reduces 
flooding. Neither of these positions are supported by existing data. 
The research reported in this manuscript was undertaken to develop a means 
whereby the hydraulics of runoff from depressional areas in north-centra I Iowa could 
be studied. After considering several alternative approaches, it was decided to 
develop a mathematical model capable of simulating the response of watersheds in 
north-central Iowa to rainfall. This model can be used as an aid in determining the 
effect of drainage on flood flows. 
The first part of the research was an investigation of the geometrical properties 
and distribution of depressions. It was found that there ore definable relationships 
among the geometrical properties of depressions (equations 1 through 9) and that the 
frequency distribution of depression areas can be approximated by a Weibull pro­
bability density function (equation 10). 
The results of this initial part of the study were used to develop a mathematical 
model of "typical" watersheds in north-central Iowa, From these synthesized water­
sheds it was found that over an area of a few square miles, the depressions have the 
ability to store more than 1/2-inch of surface runoff from the area. 
The second part of the research was the development of mathematical models 
(Models I and II) capable of simulating the hydraulics of the runoff that appears in 
drainage ditches relatively soon (less than 48 hours) after a rainfall event has 
occurred. A complex watershed is divided into elemental watersheds. Outflows 
from the elemental watersheds are inputs to the drainage ditch and are routed through 
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the ditch to the outlet of the complex watershed. 
Models 1 and II are composed of several components. Each component is based 
on a rational analysis of the process that the component represents. Empirical rela­
tions were used when necessary; however, the bases of the components are accepted 
hydraulic relationships. As more knowledge is gained concerning an individual 
component, that component can be improved. 
Tests with the Model have shown that it is a valid method for studying runoff 
from the depressional areas of north -central Iowa and for investigating the effect of 
subsurface drainage on peak flows. 
The effect of changing the values of several of the variables on runoff hydro-
graphs was investigated. The resulting changes in the hydrographs were as would be 
expected on a qualitative basis from a rational analysis of the problem. This indi­
cates that the components of the Model represent their respective individual counter­
parts of the runoff cycle rather than combining to give a hydrogroph that "best fits" 
observed data. 
The Model is useful in selecting areas of research that need more attention if 
a complete understanding of the rainfall-runoff process in depressional areas is to be 
gained. The Model is also useful in studying the effect of storm patterns and rainfall 
distribution on runoff hydrographs. 
Although the major purpose of this study was the development and testing of 
the Model, a few storms were studied to investigate the results that can be expected 
from a more comprehensive study of the effect of subsurface drainage on flood flows. 
These preliminary investigations indicate that for low intensity rainfall events, the 
peak discharge is increased as the percentage of the basin that is drained is 
increased. On the other hand, for storms that could cause downstream flooding. 
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little change can be noted in the flow rates as the amount of drainage is changed. 
One storm was analyzed that produced a higher peak discharge for the undrained 
situation than for the drained one. This storm began with a low intensity rainfall that 
filled the undrained depressions but not the ones that were drained. When the inten­
sity of the rain increased for one hour, the drained depressions contained some addi­
tional storage while the undrained ones were full. The net result was a greater runoff 
rate in the undrained case. 
A complete solution to the problem of changes in flood peaks caused by drainage 
will require a comprehensive study on the probabilities of occurrences of precipitation 
intensities, volumes, and sequences. These various storms must be routed through the 
watershed Model with different degrees of drainage and the resulting outflow hydro-
graphs analyzed on a probability basis. 
The following conclusions can be made relative to the Models that were developed 
for north-central Iowa: 
1. Definable relationships exist among the geometrical properties of the 
depressions. 
2. The depressions are randomly distributed over a watershed. 
3. The frequency distribution of depression areas can be approximated by a 
three-parameter Weibull probability density function. 
4. Watersheds in north-central Iowa have the ability to store over 1/2-inch 
of runoff in depressions. 
5. Mathematical models are a valid and useful method of studying the 
hydrology and hydraulics of watersheds. 
6. The Models developed in this study are reasonably accurate representations 
of the processes they model. 
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The Models present a means of obtaining certain information that would 
otherwise require a long-term, comprehensive field study. 
Hydrologie models can serve as an aid in engineering judgment but never 
replace it. 
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APPENDIX A: SYMBOLS 
a Parameter of Weibull probability density function 
A Area (square feet or acres) 
Ac Area contributing runoff to an individual pothole (acres) 
AU Area contributing runoff to an individual pothole (acres) 
b Parameter of Weibull probability density function 
BWiDTH Bottom width of drainage ditch 
c Parameter of Weibull probability density function 
CD Discharge coefficient for weir flow 
CQ Channel outflow from individual pothole (cfs) 
DBAR Average water depth in pothole during a time interval (feet) 
DC Drainage coefficient (inches/day) 
DELD Increment on D2 
DELT Time increment (seconds) 
DELX Length of a reach of the drainage ditch 
DEPTH Depth of water in individual pothole (feet) 
Dl Initial depth of water In depression as fraction of total depression depth 
DITDEP Depth of drainage ditch 
DL Labelling array for hydrograph title 
Dl Depth of water in pothole at beginning of time interval (feet) 
D2 Depth of water in pothole at end of time interval (feet) 
D2I First trial value of D2 (feet) 
D22 Second trial value of D2 (feet) 
E Elevation of bottom of pothole (feet) 
GL Labelling array for hydrograph title 
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H Head between potholes (feet) 
HDITCH Depth of flow in drainage ditch (feet) 
HKE Head loss coefficient for tile inlet 
HP Head in pothole after subtracting a loss term (feet) 
IPLOT =1 Plot hydrograph 
=2 Do not plot hydrograph 
[PUNCH =1 Does not punch cards 
=2 Punches elemental outflows on cards 
I ROUTE =1 Routes down drainage ditch 
=2 Does not route down drainage ditch 
I TYPE Array describing where to introduce elemental outflows into the ditch 
routing routine 
10 Rainfall intensity (inches per hour) 
II Inflow at beginning of time interval (cfs) 
12 Inflow at end of time interval (cfs) 
2 K Constant in the equation x = Ky describing the parabolic channels 
connecting potholes 
L Length of tile between potholes (feet) 
MDTEST =1 Elementary watershed is drained 
=2 Elementary watershed is not drained 
MNC Manning's n for channels connecting potholes 
MNT Manning's n for tile 
n Manning's n 
NELWSD Number of elementary watersheds 
NE WAD Number of elementary watersheds above the drainage ditch 
NITYPE Number of types of elemental watersheds 
NOLINE Number of lines of output 
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NUELUN Number of potholes in an elemental watershed 
OF Tile outflow from individual pothole (cfs) 
OFl Tile outflow due to orifice flow (cfs) 
OF2 Tile outflow due to weir flow (cfs) 
OF3 Tile outflow due to pipe flow (cfs) 
OUTFLO Total outflow from individual pothole =01 +02 (cfs) 
01 Tile flow from individual pothole (cfs) 
02 Channel flow from individual pothole (cfs) 
ORFCK Same as WE IRK 
PCEL Elevation of rim of pothole (feet) 
Q Flow rate (cfs) 
QT Total flow from entire watershed (cfs) 
QU Total outflow from an individual pothole, tile + channel (cfs) 
Q1 Initial flow in drainage ditch 
R Hydraulic radius (feet) 
RN Manning's n for drainage ditch 
S Slope of channels connecting potholes (feet per foot) 
S Average land slope 
SIDSLP Slope of sides of drainage ditch 
S^ Slope of tile (feet/foot) 
TB Time (hours) 
TD Tile diameter (inches) 
TOELEV Elevation of tile outlet in drainage ditch (feet) 
TQ Tile flow between two potholes (cfs) 
T1 Time at beginning of time interval (seconds) 
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T2 Time at end of time interval (seconds) 
V" Volume of a depression (acre-feet) 
VELOCY Flow velocity in tile intake (fps) 
VOLUME Volume of water in individual pothole (cubic feet) 
WEIRK Constant in weir flow equation 
XL Labelling array for abscissa of hydrograph plot 
Y Depth of flow in channel between potholes (feet) 
YDITCH Depth of water in ditch 
YL Labelling array for ordinate of hydrograph plot 
ZFD Zero flow depth (feet) 
ZTEST Convergence tolerance in ROUT subroutine and function ASOL 
Z1 Error in continuity equation for first trial value of D2 
Z2 Error in continuity equation for second trial value of D2 
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APPENDIX B: DATA ON EXTENT OF DEPRESSIONAL SOILS 
Table 13. Extent, size, and distribution of depressional areas in the CIW soil association^ 
1/4. sections Esti- Depressional 
No, of having de- Estimated mated areas per l/4-
1/4. sec- pressional soil No, of section where Depressional areas within given 
tions^ areas acres^ areas® present^ acre-size classes (%)B 
County Av, no. Acres 1/2-2 2-5 5-10 10-20 20 
Boone 2292 a) 54.2 7105 28U 2.3 5.7 67.8 23.8 6,8 • • • • 1.6 
b) 12,5 2871 621 2.2 10,0 15.4. 38.5 30,7 15.4- •, •, 
Buena Vista 1618 a) 70,6 9109 3851 3-4 8.0 77,8 12,3 7.4. 2.5 
b) 2,9 128 4.7 1,0 2,7 100,0 • • • • 
Calhoun 2292 a) 68,7 16693 5214 3.3 10,6 67,8 21,1 6,4. 3.7 1,0 
b) 8.3 1257 190 loO 6,6 • • • • 50,0 50,0 • « 0 s • « • , 
^Sources Slusher et al, (196I), 
^Approximate number of l/^-sections within the CW soil association. Determined dividing the 
acreage of the county within the soil association (exclusive of incoiporated cities and towns) by 160, 
^Number of l/4-section samples having mapç>able areas of mineral and organic depressional soils 
divided by the total number of l/4.-sections in the county sample, a) mineral soils (Glencoe, Okoboji, 
VJacousta, and Rolfe); b) organic soils (muck and peat), 
'Projected acreage of mineral and organic soils obtained from county summaries of conservation 
needs inventory, 
^Number of depressional areas in the saz^le projected for the county area. 
^Average number and acreage of depressional areas for only the l/^-sections containing such 
areas. Flood plains, outwash areas, terraces, and steep land are, in general, excluded from con­
sideration, 
%ased on the frequency of above specified soils in depressional areas per county sample 
(approximately one I/4.-section sançde for every 4.8 l/4-s©ctions). 
Table 13. (Continued) 
County 
1/4 sections Esti-
No. of having de- Estimated mated 
1/4 sec- pressional soil no, of 
tionsb areas (^)® acres'^ areas® 
Depressional 
areas per l/4-
section where 
present^ 
Depressional areas within given 
acre-size classes ( % ) S  
PPI AGRGG 1/2-% 2-5 9-10 IQ~R0 . 3P 
Carroll 1149 a) 
b) 
16.7 339 239 
• • • é 
1.2 1.8 
# # * # 
80.0 
# # » » 
20,0 
# # * # 
# e e # 
# # * # 
• • • • 
• • • • 
Cerro Gordo 691 a) 
b) 
80.0 
45.0 
4117 
5512 
2073 
311 
3.7 
2.9 
7.4 
17.7 
96.7 
7.7 
3.3 
46.2 
# # # # 
34.6 
# » # # 
11.5 
Clay- 574 a) 
b) 
41.2 6601 
• • • • 
473 2.0 27.9 50.0 
# # # » 
28.6 
* # # e 
21.4 * # e * 
Dallas 1910 
1 )  
29.3 
2.4 
2672 
930 
1213 
94 
2.2 
2.0 
4.8 
20.3 
73.0 
50.0 
15.4 11.6 
# * # * 
# # » * 
50.0 
Dickinson U07 a) 
b) 
46.9 
15.6 
5971 
3230 
1X49 
484 
2.2 
2.2 
9.0 
14.7 
63.7 
27.3 
24.2 
36.3 
6.0 
27.3 
3.1 
e # # # 
3.0 
9.1 
Bmet 1752 a) 
b) 
50.0 
8.8 
7839 
3802 
2111 
257 
2.4 
1.6 
8.9 
24.6 
65.8 
20.0 
9.8 
• « • • 
14.6 
20.0 
9.8 
40.0 
• • • • 
20.0 
P3.*anklln 1641 a) 
b) 
8O0O 
12.0 
8516 
4733 
9403 
197 
7.1 
1.0 
6.5 
24.0 
88.2 
• • • • 
7.7 
67.0 
2.8 
# e # # 
1.3 
# # # * 
• • • • 
• 0 • • 
Greene 2276 a) 
b) 
60o4 
4.2 
14291 
1913 
3553 
141 
2.6 
1.5 
10.3 
20.0 
66.6 
• • • • 
18.6 
# e e # 
5.3 
• » • • 
6.7 
100.0 
2.8 
• 0 • • 
Guthrie 715 a) 40.0 1578 573 2.0 5.5 91.6 8.4 • # • • # # # # • 0 # • 
b) .... • • • • e # # e • • • # # # # e # # # • • • • # # # * • • • • e * # # 
Table 13. (Continued) 
No, of 
1/4. sec­
tions^ 
1/4. sections Esti- Depressional 
having de- Estimated mated areas per I/4.-
pressional soil no, of section where Depressional areas within given 
Countv Av. no. Acres 1/2-2 2-5 5-10 10-20 go 
Hamilton 2312 a) 
b) 
75.0 
16,6 
12518 
5931 
7433 
626 
4.3 
1.6 
7.2 
15.4 
83.4 
53.8 
8.4 
• • • • 
7.7 
• • • • 
0.5 
38.4 7.8 
Hancock 2288 a) 
b) 
52.1 
29.2 II
 
3620 
810 
3.0 
1.2 
6.6 
19.8 
73.7 
17.6 
25.0 
12.0 
* • • • 
52.8 17.6 
1.3 
Hardin 1722 58.8 
11.7 
6529 
1191 
3589 
355 
3.5 
1.7 
6.4 
5.9 
70.5 
14.8 
23.9 
42.9 
4.2 
28.6 
1.4 
14.7 
• • • • 
• # • • 
Humboldt 174.0 a) 
b) 
94.5 
16.6 
23594 
4597 
8839 
576 
5.4 
1.8 
14.3 
15.9 
73.8 
e # # # 
18.0 
27.2 
5.5 
54.4 
2.2 
9.2 
0.5 
9.2 
Jailer 294. 20.0 
# # Ù # 
403 
« • • • 
235 
• » • • 
4.0 6.8 50.0 25.0 25.0 # # # # 
# • • • 
Kossuth 3916 78.1 
24*4 
29441 
16377 
11889 
2099 
3.9 
2.2 
9.9 
17.1 
73.9 
29.6 
20.0 
29.6 
4.4 
25.0 
1.7 
13.6 2.2 
Marshall 344 66.7 
66.7 
192 
326 
802 
229 
3.5 
1.0 
0.8 
1.4 
85.7 
100.0 
14.3 
• • • • 
» # # # 
# • • • 
• • • • 
• • 0 • 
# » # e 
• 9 é • 
Osceola 1194 a) 
b) 
14.3 
.... 
1224 426 
• • • • 
2.5 
• • # 
7.2 
# # # # 
40.0 
• • • • 
40.0 
# # e # 
20.0 
• • • • 
e * # # 
• • • • 
0 « • • 
Palo Alto 2268 a) 
b) 
47.9 
6.2 
12155 
3418 
4071 
284 
3.7 
2.0 
11.1 
24.3 
69.8 
# # » # 
18.6 
16.6 
5.8 
16.6 
3.5 
50.0 
2.3 
16.8 
Table 13. (Continued) 
1/4 sections Esti-
having de- Estimated mated 
pressional soil no. of 
areas (^)® acres^ areas® 
County 
No. of 
1/4 sec­
tions" 
Depressional 
areas per I/4-
section where 
present^ 
Av. no. Acres 
Depressional areas within given 
acre-size classes ( % ) S  
1/2-2 2-5 5-10 10-20 20 
Pocahontas 2324 a) 72.9 17081 4601 2.7 10.1 78.8 6.3 7.4 3.3 4.2 
b) 14.5 3405 532 1.6 10.1 36.4 27.2 27.2 • • • • 9.2 
Polk 1782 a) 19.4 891 941 2.7 2.6 89.6 10.4 * * # # # e # # • • • • 
b) 2.8 271 50 1.0 5.4 100.0 • • • • a • • • • • • # 
Sae 1159 a) 62.5 5240 2510 3.5 7.2 78.8 7.7 11.5 2.0 # # # # 
b) 0.4 2010 483 1.0 4.3 # # # # 100.0 
Story- 2272 a) 58.3 6003 3029 2.3 4.5 78.1 10.9 7.8 1.7 1.3 
b) 12.5 2990 472 1.7 10.5 40.0 30.0 20.0 10.0 .... 
Webster 2872 a) 81.8 26648 9564 3.7 11.3 77.0 10.0 7.0 3.0 3.0 
b) 12.1 7137 523 1.5 20.5 # • • • 66.6 16.7 16.7 
Winnebago 1608 a) 76.5 9758 5660 4.7 7.9 84.5 9.8 3.2 2.5 
b) 41.2 11177 1373 2.1 16.8 37.9 31.1 6.9 10.3 13.8 
Worth 481 a) 65.1 8001 1467 4.7 25.5 73.8 19.7 3.3 1.1 1.1 
b) 40.0 8559 240 1.2 44.4 • • • • 30.0 20.0 10.0 40.0 
Wri^t 23O8 a) 65*9 13408 6592 4.3 8.8 77.6 13.4 5.2 2.2 1.6 
b) 14.9 5201 540 1.6 15.1 36.4 27.2 # # # » 18.2 18.2 
TOTAL OR 4.9201 a) 72.9 265836 108234 3.3 8.3 74.1 16.4 6.9 1.8 0.8 
AVERAŒ b) 18.8 110321 11534 1.6 15.0 20.3 28.3 22.1 17.0 12.3 
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APPENDIX C: EFFECT OF RNC, K, AND S 
Equation 24 effectively estimates the importance of the velocity head term in 
equation 20. As the importance of the velocity head decreases, the ratio of y to 
H(l) - PCEL(I) approaches 1. Since this ratio is a measure of the importance of the 
velocity head, factors which greatly influence the velocity head also influence the 
ratio. This is verified in table 14 which shows that changes in channel slope are the 
most important determinant of the ratio. 
Table 14. Influence of RNC, K, and S 
y 
RNC K S H(l) - PCEL(I) 
.03 
.03 
.03 
.03 
.03 
.02 
.04 
10.0 
10.0 
10.0 
24.0 
24.0 
10.0 
10.0 
0.001 
0.010 
0. 100 
0.001 
0.010 
0.001 
0.001 
.966 
.778 
.220 
.966 
.778 
.928 
.980 
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APPENDIX D: PROGRAM LISTING FOR MODEL I 
c 
C MAIN  PROGRAM FOR RUNOFF S IMULATION FROM DEPRESSIONAL AREAS MODEL Ï  
C  
REAL IK  10 .  120 ) .  12 (10 .120 ) .K .KNT,MNC.L (10*120) .10 .LAMBDA 
DIMENSION D l (10 ,120 i .02 (10 .120 ) ,PCEL(10 .120  I .E (11 .120 ) ,TD(10 .1201 .  
1H(11 .120 ) .DBARI10 t l 20 l .AU(10 .120 ) .CONST 1 (10 .120  I  *QU(10 .120 ) ,  
202 (10 .120 ) .01 (10 .120 ) .C0NST3(10 ,120 ) .XL (5 ) ,YL (5 ) ,GL(5 ) ,DL(5 ) .  
3T IME(200) .FL0W(2  00 ) ,T0ELEV(120) .NUELUNC120) .MOTEST(120) .DELX(215) .  
4YDITCH(  215 ) .HDITCH(12  0 ) .OUTPUT(120) .A1 (215 ) ,A2 (215 ) ,SQ l (215  I .  
5502(215 ) .02 (215 ) .01 (215 )  
COMMON DBAR.D l .  D2 ,PCEL.  E .TD.H .TOELEV.MNT.  MNC.NUELL iN .  AU.  L .  CONST 1 .  
1K .QU,S .01 ,02 ,Z .T1 ,T2 . l l , I 2 .ZFD.0RFCK,MDTEST,NELHSD,H0 ITCH 
41  WRITE(3 ,20 )  
20  FORMAT*•  1« )  
DO 40  1=1 .10  
DO 40  J=1 .10  
OK I ,  J î=0 .  
40  02 ( I t J )=0 .  
READ(  1 . I3 )NELWSD.ZFD.MNT,MNC.K,St IPL0T.NEWAD,BWIDTH,SIDSLP.RN 
13 FORMAT( I3 ,5F10.0 . I3 , I3 /8F10.0)  
IF {NELWSD)99 .99 ,2  
2  READ(1 ,61 ) (NUELUN{J ) .TOELEV(J ) .MDTEST(J ) . J=1 ,NELWSD» 
61  FORMAT( I3 ,F10 .0 .13 )  
GO TO (51 .52 ) . IPLOT 
51  REAO(1 .50 )XL ,YL .GL .DL  
50  FORMAT*20A4)  
52  DO 60  J=1 ,NELWSD 
NDUM1=NUELUN(J )  
READ(  1 ,3 ) (AU( I , J ) ,L ( I . J ) .TO( I . J ) .E ( I . J ) .PCEL( I . J ) .01 ( I .  J i , 1  =  1 .  
INDUMl )  
3  FORMAT(6F10 .0 )  
DO 4  I  = l .NDUMl  
T0 ( I , J )=TD( I , J ) /12 .  
CONSTK I , J )  =  1 .49*3 .14* (TD( I  , J  ) * *2 .667 ) /MNT/4 . /SQRT(H I . J ) ) / (4 . * *  
1 ,667 )  
4  C0NST3( I«J )=4356C. *AU( I , J ) /3600 . /12 .  
E (NDUMl+ l . J )=T0ELEV(J )+4 .  
60  H(NDUM1+1 .J )=T0ELEV(J )  
NGRCH =  2* (NELWSD -  NEWAD)  +  1  
READ(1 ,62 ) (DELX(J ) , J=1 ,N0RCHJ 
62  FQRMAT(8F10 .0 I  
NDUM2=N0RCH+1 
READ(1 ,62 ) (Q1(J )  , J=1 .NDUM2)  
DO 63  M =  1 ,NDUM2 
AKM)  =  AREA{Q1(  M)  ,RN)  
63  YDITCH(MI=DIT0EP(A1(M>.BWIDTH.S IDSLP)  
CALL  D IH0(YDITCH,NELWSD.NEWAD,TOELEV.HDITCH)  
DO 64  J  =  1 ,NELWSD 
Figure 45. Computer program for Model 1 
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NDUM3=NUELUN(  J I  +  1  
64  H (N0UM3,J»  =  HDITCH(JJ  
CALL  QUTFL2 (01 )  
DO 74  J= l fNELWSD 
NDUM4 =  NUELUN(J I  
00  74  I = l fNDUM4 
74 QU{  I f  J»=Oin  f  J )+02( I ,  J»  
DO 79  KK= l ,N0RCH,2  
79  SQ1<KK)=0 .  
NDUM7=  NEWAO+1  
DU 80  KK=N0UM7,NELWS0  
NDUM8 =NUELUN(KK)  
NDUM9 =  (KK-NEWAD)*2  
80  SQ1(N0UM9)  =  QU(NDUM8,KK)  
00  66  J=1 ,NELWS0  
N0UM4=NUELUN{  J )  
WRITE !3 ,1671  J  
167  F0RMAT( / / 25X 'PROPERTIES  OF  ELEMENTAL  WATERSHED «12 /1  
NDUM5=MDTEST(J )  
GO TO I  68 ,69 )  ,NDUM5 
68  WRITE !3 ,70 )  
70  FORMAT!26X«THIS  ELEMENTAL  WATERSHED IS  DRAINED ' /  )  
GO TO 71  
69  WRITE !3 ,721  
72  F0RMAT!24X«THIS  ELEMENTAL  WATERSHED IS  NOT DRAINED ' /  )  
WRITE !  3 , 73»  ! I  fPCEL !  I  ,  J)  ,E ! I  t J»  tAUd  , J I  ,K ,S ,  I=1 ,N0UM4I  
73  FORMAT! '  POTHOLE PCEL  E  UNIT  K  CHANNEL '  
1 / '  NUMBER '22X 'AREA '14X 'SLOPE ' / / !  19 ,F10 . I ,F8 ,1 ,F9 .1 ,  F9 .1 ,  F IO .3 ) )  
GO TO 66  
71  WRITE !3 ,671 ! I ,MNT ,MNC,TO !  I , J ) , L ! I , J ) ,PCEL !  I , J ) ,E l  I , J ) ,AU( I , J ) ,K ,S ,  
1T0ELEV1J» , I=1 ,N0UM4»  
67  FORMAT!»  POTHOLE MANNINGS N  T ILE  PCEL  E  
1  UNIT  K  CHANNEL  TOELEV ' / '  NUMBER T ILE  CHA 
2NNEL  D IAM LENGTH '19X  'ARE  A ' 15X 'SLOPE ' / / ! 19 ,F9 .3 ,F7 .3 ,F IO .2 ,  
3F9 .1 ,F7 .1 ,F8 . l , F9 . l , F9 . I ,F1C .3 ,F10 .U  J 
66  CONTINUE 
WRITE !3 ,20 )  
WRITE !3 ,101 )  
101  FORMAT!42X 'R0UT ING RESULTS ' / )  
READ!1 ,1 )TB , I 0  
1  FORMAT!2F5 .0 )  
T1=TB*3600 .  
DO 5  J= l ,NELWSD 
NDUM4=NUELUN!J )  
DO 5  I=1 ,NDUM4 
5  IH I , J I=C0NST3 I I , J I * I 0  
WR!TE !3 ,6 ) ! J , J= l ,NELWSD)  
6  FORMAT! '  T IME  RA IN  FLOW FROM ELEMENTAL  WATERSHED NUMBER ' / '  
IHRS IN /HR '  3X I l , 14 !5X I2 ) , 2X '0 ITCH Q '»  
DO 75  J=1 ,NELWSD 
NDUM4=NUELUNiJ )  
lb OUTPUT!J )=QU(N0UM4,J )  
Figure 45. (Continued) 
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I T IME  =  1  
T IME; IT IME»=TB  
FLOW! IT IME)  =  Q l (NORCH+ l )  
hR ITE ( 3 , 76 )TB , I 0 , ( a U T P U T ( J ) , J= l ,NELMSD) ,FLOW<1)  
76  F0RMAT(F7 .2»F6 .2 f l 5F7 .2 )  
NOL ÎNE  =  1  
10  READ(  1 ,  DTB  , 10  
1F (  10 -99 )7 ,9 ,9  
7  T2  =  TB*3600 .  
DO 12  J  =  l ,NELWSD 
NDUM4 =  NUELUN(J )  
DO 12  I  =  l ,NDUM4 
I 2 (  I ,  J )=C0NST3(  I  ,J ) * IO  
IF (1 -2 )12 ,15 ,15  
15  I 2 ( I , J )= I2 ( I , J )»02 ( I - 1 , J I  
12  D2 l I , J )  =  D l ( I , J )+0 .1  
CALL  ROUT l  
CALL  aUTFL2 (D2 )  
DO 78  J  =  1 ,NELWSD 
NDUM4 =  NUELUN(J )  
DO 78  I  =  1 ,NDUM4 
78  QU( I , J )=01 (  I , J )+02 ( I , J )  
0 2 ( 1 ) = 0 .  
00  77  M=1 ,NEWA0 
N0UM6 =  NUELUN(M)  
77  Q2 ( l )  =  Q2 ( l )  +  QU(N0UM6,M)  
DO 81  KK=1 ,N0RCH,2  
81  SQ2(KK)=0 .  
DO 82  KK=NDUM7,NELWSD 
NDUM8 =  NUELUNIKK)  
N0UM9 =  (KK-NEWA0) *2  
82  SQ2(N0UM9)  =  QU(NDUM8,KK)  
A2 I  1 )  =  AREA ( 02 (1 ) ,RN)  
OELT  =  T2 -T I  
DO 84  I  =  1 ,N0RCH 
LAMBDA =  DELT /OELXd)  
ALPHA =  (AU i )  +  A l ( I  +  l ) ) / 2 .  
BETA =  LAMBDA *  Q2( I )  -  A2 ( I ) / 2 .  •  0ELT*SQ2( I ) /DELX( I )  
ADUM =  A2 (1 )  
A2 ( I *1 )=  ASOL  (LAMBDA,ALPHA,BETA,ADUM,RN)  
84  02 (1+1 )  =  DSCHRG (A2 ( I+ I ) ,RN)  
IT IME  =  IT IME  + l  
T IME( IT IME)=  TB  
FLOW( IT IME)  =  Q2(N0RCH+1)  
NDUMIO =  NORCH+1  
00  85  KKK= l ,NDUMIO 
SQ l (KKK)  =  SQ2(KKK)  
Q l l K K K )  = Q2(KKK)  
85  AKKKK)  =  A2 (KKK)  
DO 86  J  =1 ,NELWSD 
NDUMl l  =  NUELUN(J )  
DO 86  1=1 ,NDUMl l  
Figure 45. (Continued) 
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Dl (  I , J )  =  02 (1 , J  I  
86  I  1(1 , J )  =  12 (1 , J )  
T1=T2  
00  87  J=1 ,NELWSD 
NDUM4 =  NUELUN(J )  
87  OUTPUT(J )  =  QU(NDUM4,J I  
I F (N0L INE-44 )97 ,97 ,98  
98  NOL I  NE  =0 .  
HR ITE(3 ,19 )  
19  FORMAT(100X«C0NT INUE0» / ' l «aaX 'ROUTING RESULTS (CONTINUED) ' / )  
WRITE(3 ,6 ) ( J , J=1 ,NELWSD)  
97  hR ITE(3 ,76 )TB ,10 , (OUTPUT!J ) , J= l ,NELWSD) ,FLOW( IT IME)  
NOL INE=  NOL INE+1  
GO TO 10  
9  GO TO ( 55 ,56 ) , IPLOT  
55  XS IZE  =  7 .5  
YS IZE  =  6 .0  
56  MRITE(3 ,20 )  
GO TO 41  
99  CONTINUE 
END 
C  SUBROUTINE  HEAD FOR RUNOFF S IMULAT ION FROM DEPRESSIONAL  AREAS 
SUBROUTINE  HEAO(DEPTH,J )  
D IMENSION DBAR(10 ,120 ) , 01 (10 ,120  I , 02 (10 ,120 ) ,PCEL(10 ,120 ) ,  
1E ( I1 ,120 ) ,TD(10 ,120 ) ,H (11 ,120 ) ,TOELEV(120 ) ,NUELUN(120 ) ,AU(  10 ,120 ) ,  
2MDTEST(120 ) ,C0NST1(10 ,120 ) ,QU(10 ,120 ) ,OK  10 ,120 ) , 02 (10 ,120 ) ,  
3DEPTH(10 ,120 ) ,  HD ITCH(120 )  
REAL  11 (10 ,120 ) , 12 (10 ,120 ) ,K ,MNT,MNC,L (10 ,120 )  
COMMON OBAR,01 ,D2 ,PCEL ,E ,TD ,H ,TOELEV,MNT,MNC,NUELUN,AU,L ,CONST 1 ,  
1K ,QU,S ,01 ,02 ,Z ,T1 ,T2 , I I , I 2 ,ZF0 ,0RFCK,MDTEST ,NELWS0 ,HDITCH 
NDUM1=  NUELUN(J )  
M6= l  
M7=0  
M8= l  
M9= l  
U=16 . / 3 .  
00  14  I  =1 ,NDUM1 
IF (1 -1 )101 ,101 ,102  
101  IF (DEPTH( I , J ) -ZF0 )125 ,12  5 ,104  
125  IF (NDUMl - l ) 126 ,126 ,103  
126  H (1 , J )=0 .  
H (2 , J )=0 .  
GO TO 21  
103  M6=2  
GO TO 14  
104  M9=2  
H (  I , J )=DEPTH( I , J )  +  E ( I , J )  
Figure 45. (Continued) 
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GO TO { 14 .151 ,M6  
15  NZ= I -1  
DO 122  N=1 ,NZ  
122  H (N ,J I=H( I , J )  
M6=l 
GO TO 14  
102  IF (OePrH( I , J ) -ZFD)105 ,105 ,106  
105  M7=M7+1  
IF ( I -NOUMl )14 ,110 ,110  
106  IF (M7 I104 ,104 ,109  
109  GO TO C17 ,18» ,M6  
18  M7=0  
GO TO 104  
17  N2= I  
N1= I -M7  
120  M7=0  
FACTORED 
DO 107  N=N l ,N2  
107  FACT0R=FACT0R+L(N-1 , J ) /TD(N-1 , J ) * *U  
GU TO ( 19 ,130 ) ,MB  
19  H ( I , J )=DEPTH( I , J»+E( I , J )  
130  NZ=N2-1  
DO 108  N=N1 ,NZ  
108  H (N ,J )=H«N- l , J ) - ( L (N - l , J ) /T0 (N - l , J ) * *U»* (H (N l - l , J ) -H (N2 ,J ) ) /FACTQR 
GO T O  14  
110  M8=2  
GO TO ( 22 ,23 ) ,M9  
22  NZ=NDUM1+1  
DO 121  N=1 ,NDUM1 
121  H«N,J>=  HDITCH(J )  
GO TO 31  
23  N2= I+1  
N1= I -M7+1  
GO TO 120  
14  CONTINUE 
21  IF (H (NDUMl+ l , J ) ) 30 ,30 ,31  
30  H (NDUMHH,J )=HDI  TCH(J )  
31  CONTINUE 
RETURN 
END 
SUBROUTINE  ROUT l  FOR RUNOFF S IMULAT ION FROM OEPRESSIONAL  AREAS 
SUBROUTINE  ROUT l  
REAL  I  1(  10 ,120 ) ,  12 (10 ,120 ) ,K ,MNT,MNC,L (10 ,120 ) , 10  
1H(  
202( 
3D21 I  
Figure 45. (Continued) 
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COMMON OBAR,O l ,D2 ,PCEL ,E ,TO,H ,TOELEV.MNT,MNC,NUELUNtAU,L ,CONST l ,  
IK ,QU,S ,01 ,02 ,Z ,T1 ,T2 , I I , I 2 ,ZF0 ,QRFCK,MDTEST ,NELWS0 ,HDITCH 
00  99  J= l ,NELWS0  
NC0UNT=0  
NDUM1=NUELUN(  J )  
DO 42  I  =  l .NDUMl  
D21 ( I , J1=02 (1 , J )  
42  D22 ( I , J )=02 ( I , J )+0 .1  
DO 20  I  = l .NDUMl  
37  O fcLT  =  T2 -T1  
M =  1  
M l= l  
M 2=1  
M3= l  
M4= l  
AB=0UTFL0 (01 ,1  , J )  
AC=V0LUME(01 ( I , J ) )  
ZTEST  =  . 001  
Z1  =  ( 11 (1 , J»  * •  I 2 ( I , J I » /2 . - (AB  +0UTFL0 (D21 , l , J I ) / 2 .  +  
KAC -VOLUME(02 l (  I , J )  n /OELT  
IF (ABS(Z l l -ZTEST) l , l , 2  
2  CONTINUE 
5  Z2= ( IK  I , J )+ I2 ( I , J ) ) / 2 . - (AB  +OUTFLO(022 , I , J  M /2 .  +  
KAC -V0LUME(022 ( I , J )»» /DELT  
IF (ABS(Z2 ) -1 .0E -30»40 .40 ,4 I  
40  02 (  I , J )=D22 ( I , J )  
GO TO 20  
41  IF (1ABS(Z2» -ZTEST I3 ,3 ,4  
4  A=D22 ( I , J I  
B=Z2  
IF (Z2 -Z1 )6 ,7 ,6  
7  GO TO ( 8 , 9 ,17 ) ,M  
8  M=2  
022(1 ,J )=02L( I , J )+2 .  
GO TO 5  
9  M3=2  
IF (D22 ( I , J )112 ,12 ,13  
13  WRITE(3 ,10 )  
10  FORMAT( '  Z2=Z1  2X«  »  
GO TO 3  
12  GO TO ( 14 ,14 ,15 ) ,M  
14  M=3  
OELO =  . 05  
022 (1 , J )  =1 .05  
16  022 (1 , J )  =  D22 ( I , J )  -  OELO 
GO TO 5  
17  IF (Z2 )18 ,3 ,19  
18 M2=2 
GO TO(30 ,22 ) ,M1  
30  021 (1 , J I  =  A  
Z1  =  B  
NC0UNT=NC0UNT+1  
Figure 45. Continued) 
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I F<NCOUNT- l ) 50 f5C ,5 l  
50  BO=D22( I . J )  
BZ  =  Z2  
GO TO 52  
51  IF (NCOUNT-7 )52 .53 t52  
53  IF (Z2 -BZ )52 ,52 ,54  
54  M3= l  
NCQUNT=0  
021 ( I , J )=BZ  
Z  l =BZ  
GO TO 21  
52  0221  1  , J )  =  022 (1  , J )  -  OELO 
IF (D22 ( I , J ) ) 27 ,5 ,5  
27  D2 (  I ,  J )  =  0 .  
GO TO 20  
19  M l=2  
GO TO ( 30 ,22 ) ,M2  
15  GO TO ( 26 ,13 ) ,M4  
26  M4  =2  
GO TO 16  
6  GO TO ( 21 ,17 ) ,M3  
21  D22 ( I , J )= (021 ( ( , J )+022 ( I , J ) ) / 2 . - (D22 ( I , J I -D21 ( I , J ) ) / (Z2 -Z1 ) * (Z2+Z1  
2 ) / 2 .  
021 (1 , J )=A  
Z1  =  B  
GO TO 5  
I  IF (021 ( I , J ) ) 32 ,32 ,33  
32  D2 l ( I , J )=0 .  
33  D2 (  I ,  J )=02 l ( I , J )  
GO TO 20  
3  I F (022 ( I , J ) ) 35 ,35 ,31  
35  D22 ( l , J>=0 .  
31  U2 (  I , J )=D22 { I , J )  
GO TO 20  
22  D2 (  UJ )=D22 (  I  ,  J)  +  OELO/2 .  
20  CONTINUE 
25  DO I I  I  =1 ,N0UM1 
11  DBAR( I , J )  = (01 ( I , J )+D2 ( I , J I I / 2 .  
99  CONTINUE 
RETURN 
END 
Figure 45. (Continued) 
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c  FUNCTION OUTFLO FOR RUNOFF SIMULATION FROM DÊPRESSIONAL AREAS 
FUNCTION UUTFLO<DEPTH, I tJ )  
REAL  11 (10 ,120» ,12 (10 ,120» ,K ,MNT,MNC,L (10 ,120»  
D IMENSION HDITCH(120» ,DBAR(10 ,120» ,01 (10 ,120» ,02 (10 ,120» ,  
1PCEL(  10 ,1201,ECU,  120» ,T0(  10,120>,H(11,120»,TOELEV< 120) ,  
2NUELUN(120»,AU(1C,120 » ,MOTE ST(120 » ,CUNST1(10,120 » ,QU(10,120 » ,  
3TQ(10,120) ,CQ(10,120»,DEPTH(10,120»,OF(10,120» 
COMMON DBAR,01 ,D2 ,PCEL ,E ,T0 ,H ,T0ELFV ,MNT,MNC,NUELUN,AU,L ,CONST 1 ,  
IK ,QU,S ,Ta ,CO,Z ,T1 ,T2 , I I , 12 ,ZFD ,ORFCK,MOTEST ,NELWSD,HDITCH 
NDUMl  =  MDrEST(J )  
GO TO (26 ,27)  ,N0UM1 
27 TQ( I ,J )=0.  
0F ( I , J )=0 .  
H ( I , J )=E ( I , J )+DEPTH( I , J )  
GO TO 9  
26  CALL HEAD(DEPTH,J)  
0RFCK=10 .  
C0 -=0 .60  
HKE=2 .0  
IF (DEPTH(  I , J» -ZFD>20 ,20 , I  
20  0F ( I ,  J»=0 .  
GO TO 21  
1  OF l  =  0RFCK*TDI I , J ) * (DEPTH( I , J ) -ZFD) * *1 .5  
0F2  =  3 .14 * (TD( I , J» * *2» /4 . *SQRT(64 .4 * (DEPTH( I , J ) -ZFD ; ) *CD 
IF (H ( I , J ) -H ( I+1 , J ) )22 ,23 ,22  
23  OF3  =  0 .  
GO TO 5  
22  0F3  =  CONSTKI , J ) *SQRT(ABS(H( I , J ) -H ( I+ l , J )»> * (H ( I , J» -H (1 *1 ,  J  »» /ABS  
1 (H ( l , J» -H ( I+ l , J ) )  
VELOCY =  0F3 /3 .14 / (TD(1 , J ) * *2 I *4 .  
HP  =  H I  I , J )  -  HKE *  IVEL0CY* *2 ) / 64 .4  
IF (HP)2 ,2 ,3  
2  0F3  =  9999 .  
GO TO 4  
3  I F (HP-H( I+ l , J»»24 ,25 ,24  
25  OF  3  =  0 .  
GO TO 4  
24  0F3=C0NST1( I«J ) *SQRT(ABS(HP-H(1  +  1 ,M)» * (HP-H( I+1 , J  » ) /ABS(HP-H I  I  +  l ,  
1J» )  
4  IF (  1 -1 )5 ,5 ,6  
6  0F3=0F3 -TQ( I - l , J»  
5  UF ( I , J )=AMIN1 (UF1 ,OF2 ,OF3 I  
21  IF (  1 -1 )7 ,  7 ,  8  
7  T t i l  I  ,J )=OF I  I ,  J )  
GO TO 9  
8  TQ( I , J )=UF( I , J )+TO( l - l , J )  
9  IF (H (  I , J ) -PCEL( I  , J ) ) 10 ,10 ,11  
10  CQI I , J )=0 .  
GO TO 12  
11  Y  =  0 .96 *  (H ( I , J ) -PCEL( I , J )»  
CQ(  I , J )  =  1 .49 /MNC* ( (2 . * (K * *2» * (Y* *3» / (3 . * (K *Y ) * *2  +  2 . ) ) * * . 667 I * (S * *  
10 .5 ) *1 .33 *K*<  Y* *3 )  
12  OUTFLO =  UF ( I , J )  +  CQ ( l , J»  
RETURN 
END 
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c  SUBROUTINE  0UTFL2  FOR RUNOFF S IMULAT ION FROM DEPRESSIONAL  AREAS 
SUBROUTINE  OUTFL2 (DEPTH » 
REAL  I 1 (10»120 ) .  12 (  10 .120 ) ,K ,MNT,MNC,L (10 ,120 )  
D IMENSION DEPTH ( 10 ,12  0 )  ,  OBAR (  10  ,  120  )  ,  01  (  10 ,  120  )  ,  02  ( , I 0 ,  120  )  ,  
IPCEL(10 ,120 ) ,E (11 ,120 ) ,TO( l 0 ,120 ) ,H ( l l , 120 ) ,TQELEV(120 ) ,  
2NUELUN(  120 )  ,AU(  10 ,120 )  ,C0NST1(10 , I 20 )  , ( 3U(  10 , I 20 ) ,TQ(  10 ,  120 )  ,  
3C«(10 ,120 ) ,MDTEST(120 ) , 0F (10 ,120 ) ,HD ITCH(120 )  
COMMON DBAR,01 ,D2 ,PCEL ,E ,TD ,H ,T0ELEV,MNT,MNC,NUELUN,AU,L ,CONST 1 ,  
1K ,QU,S ,T0 ,CQ,Z ,T I ,T2 ,11 ,1  2 ,ZFD ,ORFCK,  MDTEST ,NELWSD,HO ITCH 
DO 30  J  =  I tNELWSD 
CALL  HEAD(DEPTH,J )  
NDUMl  =  NUELUN(J )  
NDUM2 =  MDTEST(J )  
GU TO ( 26 ,27 ) ,NDUM2 
27  DC)  31  1=1 ,NDUMl  
TQ( I , J )=0 .  
0F ( I , J )=0 .  
IF (H ( I , J ) -PCEL( I , J ) ) 40 ,40 ,44  
40  CQ(  I ,  J  )=0 .  
GO TO 31  
44  Y  =  0 .96  *  (H (  I  , J ) -PCEL( I , J ) )  
C t ! ( I , J )=  1 .49 /MNC* ( (2 . * (K * *2 ) *  (Y * *3 ) / ( 3 . * (K *Y ) * *2+2 . ) ) * * . 667 ) *  
1SQRT(S ) *1 .33 *K* (Y* *3 I  
31  OUTFLO =  OF( I , J )  +  CQ( I , J )  
GO TO 30  
26  0RFCK=10 .  
CD  =  0 .60  
HKE =  2 .0  
DO 51  I  =  1 ,NDUMl  
IF (DEPTH( I , J ) -ZF  0 )20 ,20 ,1  
20  0F ( I , J )=0 .  
GO TO 21  
1  OF l  =  0RFCK*TD( I , J ) * (DEPTH( I , J ) -ZFD) * *1 .5  
OF  2  =  3 .14 * (TD( I , J I * *2 ) / 4 . *SQRT(64 .4 * (DEPTH( I , J ) -ZFD) I *CD  
IF (H ( I , J ) -H ( I+1 , J ) )22 ,23 ,22  
23  OF3=0 .  
GO TO 4  
22  0F3=CQNST1( I , J ) *SQRT(ABS(H( l , J ) -H ( I+ l , J ) l ) * (H ( I , J ) -H ( I+ l , J ) ) /ABS  
l (H ( I , J | -  H ( I+1 , J ) )  
VELOCV =  0F3 /3 .14 / (TD( I , J ) * *2 ) *4 .  
HP  =  H ( I , J )  -  HKE *  (VEL0CY* *21 /64 .4  
IF (HP)2 ,2 ,3  
2  ÛF3  =  9999 .  
GO TO 4  
3  I F (HP-H( I+1 , J ) )24 ,25 ,24  
25  OF  3  =  0 .  
GO TO 4  
24  0F3=C0NST1( I , J ) *SQRT(ABS(HP-H( I+1 , J ) ) ) * (HP-H( I+1 , J ) ) /ABS(HP-H(1+1 ,  
I J ) )  
4  IF (  1 -1 )5 ,5 ,6  
6  0F3=0F3 -TQ( I - l , J )  
5  0F (  I , J )=AMIN l (0F l , 0F2 ,0F3 )  
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21  IF (  1 -1 )7 ,7 ,8  
7  T0 (  I , J )=OF{ I , J»  
GO TO 9  
8  T0 (  I , J )=OF( Î ,J J  +TQ< I - l  ,  J  t  
9  IF (  H (  I , J t -PCEL(  I  ,J )  ) 10  , 10 ,11  
10  CQ(  I  ,  J  )  — 0  «  
GO TO 12  
11  Y  =  0 .96 * (H ( I , J  ) -PCEL(  I , J ) )  
CQ(  I , J )  =  1 .49 /MNC* ( (2 . * (K * *2 I * (Y * *3 ) / ( 3 . * (K *Y ) * *2+2 . I ) * * . 6 6 7 ) *  
l SQKr (S ) *1 .33 *K* (Y* *3 )  
12  OUTFLQ =  OF  ( I , J )  +  CQd .J I  
51  CONTINUE 
30  CONTINUE 
RETURN 
END 
FUNCTION ASOL  US ING NEWTON'S  METHOD NUMERICALLY  
FUNCTION ASOL ILAMBDA,ALPHA,BETA,A41 ,RN)  
REAL  LAMBDA 
MLL =  L  
ZTEST= .O l  
Q41  =  DSCHRG (A4 l ,RN)  
Z1  =  ALPHA +  BETA -  LAMBDA *  041  -A41 /2 .  
IF (ABS(Z l ) -ZTEST*A41 -1 . )1 ,1 ,2  
2  A42  =  A4 l  +  . 1  
5  Q42  =  DSCHRG (A42 ,RN)  
Z2  =  ALPHA +  BETA -  LAMBDA *  Q42  -A42 /2 .  
20  IF (ABS(Z2 ) -ZTEST*A42 -1 . )3 ,3 ,4  
4  A=A42  
B=Z?  
IF (Z2 -Z1 )6 ,7 ,6  
7  GO TO ( 8 ,9 ) ,M11  
8  M 11=  2  
A42  =  A41 - . 5  
GO TO 5  
9  WRITE  ( 3 ,10 )  
10  FORMAT(40X« IN  ASOL  Z2  =  Z1  2X» )  
GO TO 3  
6  A42=  (A42  +  A41 ) / 2 .  -  (A42 -A41 ) / (Z2 -Z1 )» (Z2+Z I» /2 .  
IF (A42»11 ,12 ,12  
11  A42=0 .  
12  IF (A42 -A )13 ,14 ,13  
14  A42=A42+1 .0E -07  
13  A41  =  A  
Z  1  =  B  
GO TO 5  
1  ASOL  =  A41  
RETURN 
3  ASOL  =  A42  
RETURN 
END 
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FUNCTION OSCHRG FOR RUNOFF S IMULAT ION FROM DEPRESSIONAL  AREAS 
FUNCTION OSCHRG(A ,RN)  
I F (A ) l , 2 , 3  
1  WRITE*3 ,4 )  A  
4  FORMAT(40X ' IN  FUNCTION DSCHRG A  IS  NEGATIVE  «F IG .4»  
2  DSCHRG =0 .  
RETURN 
3  DSCHRG =  (  (  A /20 .  l * *< l . / .72n /RN  
RETURN 
END 
FUNCTION AREA FOR RUNOFF S IMULAT ION FROM DEPRESSIONAL  AREAS 
FUNCTION AREA (Q ,RNI  
I F (Q)1 ,2 ,3  
1  WRITE !3 ,4  )Q  
4  F0RMAT(40X«Q IS  NEGATIVE  •F10 .4 )  
2  AR£A=0 .  
RETURN 
3  AREA=20 . * ( (Q*RN) * * . 72 )  
RETURN 
END 
FUNCTION VOLUME FOR RUNOFF S IMULAT ION FROM DEPRESSIONAL  AREAS 
FUNCTION VOLUME!DEPTH)  
I F (DEPTH>1 ,1 ,2  
1  VOLUME =  0 .  
RETURN 
2  VOLUME =  43560 . *0 .496* (DEPTH**2 .4241  
RETURN 
END 
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c  FUNCTION D ITOEP FOR RUNOFF S IMULAT ION FROM OEPRESSIONAL  AREAS 
FUNCTION D ITDEP(A ,B ,Z )  
Y= ( - l . *B+SQRT( (B* *2 )+4 . *Z *A I ) / 2 . /Z  
D ITOEP =  Y 
RETURN 
END 
C  FUNCTION O IHO FOR RUNOFF S IMULAT ION FROM OEPRESSIONAL  AREAS 
SUBROUTINE  O IHO (YD  ITCH,NELWSO,NEWAO,TOELEV,HOITCH»  
D IMENSION YD ITCH(22 I .TOELEV(10 ) ,HD ITCH(10  I  
DO 10  J  =  l .NELWSD 
IF  ( J  -  NEWAD)1 ,1 ,4  
1  IF  (YD ITCH(J )  -  TOELEV(J )>2 ,2 ,3  
2  HOITCH(J )  =  TOELEV(J )  
GO TO 10  
3  HD ITCH(J»  =  VOITCH( l )  
GO TO 10  
4  IF  (YD ITCH(J )  -  TOELEV(J )>2 ,2 ,5  
5  NDUMl  =  ( J  -  NEWAD)*2  
HD ITCH(J )  =  (  YD  ITCH (NDUMl )  *  YD ITCH (  N  DUMl  4-1  )  )  /  2  .  
10  CONTINUE 
RETURN 
END 
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APPENDIX E; PROGRAM LISTING FOR MODEL II 
ROUTING PROGRAM MODEL  I I  
MAIN  PROGRAM FOR ROUTING THROUGH A  SERIES  OF  POTHOLES 
REAL  LAMBDA 
REAL  11 (101 ,12 (10 ) ,K ,MNT,MNC,L (10» , I 0  
D IMENSION D l (10 ) ,D2 (10  » ,PCEL(10  » ,E (11 ) ,TD(10 ) ,H (11  » ,  
1DBAR(10 ) ,  AU(10 ) ,C0NST1(10 ) ,QU(10» ,02 (10 ) ,Q l (10 ) ,FLOW(500 ,6 )  
D IMENSION CONST3( lO ) ,XL (5 ) ,YL (5 ) ,GL (5 ) ,DL (5 ) ,TIME ( 500 ) ,RAIN ( 500 )  
D IMENSION SQKIOO)  ,  S02  (  100 )  ,  DELX (  100  )  ,Q1  (  100 )  ,  Q2 (  100  )  ,  Al (  100  )  ,  
1A2(100 ) ,  I TYPEdS) ,  D ITCHQ(500 )  
COMMON DBAR,D1 ,D2 ,PCEL ,E ,TD ,H ,T0ELEV,MNT,MNC,NUELUN,AU,L ,CONST 1 ,  
1K ,QU,S ,01 ,02 ,Z ,T1 ,T2 ,11 ,12 ,  ZFD,ORFCK,MDTEST  
DO 101  1=1 ,500  
READ( l , 10  2 )T IME( I ) ,RA IN ( I )  
102  F0RMAT(2F  5 .0 )  
I F (RA IN( I ) -  99 . )101 ,103 ,103  
103  NT IM= I -1  
GO TO 104  
101  CONTINUE 
104  READ(1 ,100 )N ITYPE,NELWSD,NEWAD,RN, I  PLOT , I  PUNCH, IROUTE 
100  F0RMAT(3 I3 ,F5 .0 ,13 ,213 )  
REAO(1 ,50 )XL ,YL ,GL ,DL  
50  FORMAT(20A4 )  
ZFD= . l  
DO 40  1=1 ,10  
OK  I  ) =  0 .  
40  0  2 ( I )=0 .  
MDTEST  =  1  DRAINED 
MDTEST  =  2  NOT DRAINED 
IPLOT  =  1  MEANS PLOT RESULTS 
IPLOT  =  2  MEANS DO NOT PLOT RESULTS 
DO 10  JKJ=1 ,N ITYPE 
WRITE(3 ,20 )  
20  F0RMAT(«1 ' )  
READ(1 ,13 )NUELUN,MNT,MNC,T0ELEV,K ,S ,MDTEST  
13  F0RMAT( I3 ,5FG.0 , I 2 )  
52  READ(1 ,1 ) (AU( I> ,L ( I> ,TD( I ) ,E ( I ) ,PCEL( I ) , 0 I ( I ) ,  I =1 ,NUELUN)  
1  FORMAT(6F10 .0 )  
AT0T=0 .  
DO 4  I=1 ,NUELUN 
TD( I )=T0 ( I ) / 12 .  
ATOT=ATOT+AU( I )  
CONST1( I )=1 .49 *3 .142* (TD( I ) * • ( 8 . / 3 . ) ) /MNT /4 . /SORT(L ( I ) ) / ( 4 . * * . 667 )  
4  C0NST3( I )=43560 . *AU( I ) / 3600 . / 12 .  
CFSC0N=43560 . *ATOT/3600 . / 12 .  
E (NUELUN+ l )=T0ELEV+4 .  
H (NUELUN+1)=T0ELEV 
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THIS ELEMENTAL WATERSHED IS NOT DRAINED"/I  
T IME RA IN  INFLO P  HOLE 
Q CFS ' l lX 'UMT ' / '  HRS 
D ITCH 
IN /HR 
1 
DITCH'LOX'TILE Q CF 
CFS DEP FT OEP F 
2  3  4  5  
DO 14  l = l ,NUELUN 
ZZZ=0UTFL0 (D1 , I »  
14  QUI  I »=O l (  1  ) *02 (  I  )  
WRITE(3 t I I ) I I fMNT .MNC fTD( I  » , L ( I ) ,PCEL(1» ,E ( I ) ,AU I  11 ,K ,S ,TOELEV,  
1 I=1 ,NUELUN)  
11  FC jRMAT(  38X 'C0MBINE0  UNIT  R0UT INGS ' / / 44X 'PROPERTIES ' / / '  POTHOLE 
1  MANNINGS N  T ILE  T ILE  PCEL  E  UN IT  K  
2  CHANNEL  TOELEV ' / '  NUMBER T ILE  CHANNEL  D IAM LENG 
3TH •  19X«  AREA '1  5X  '  SLOPE ' / /H9 ,F9 .  3 ,F7 .3 ,F10 .2 ,F9 .  I t  F7 .1 ,F8 .1 ,F9 .  1 ,  
4F9 .1 ,F10 .3 ,F10 . I ) )  
GO TO ( 57 ,58» .MDTEST  
57  WRITE !3 ,59 )  
59  FORMAT! / '  TH IS  ELEMENTAL  WATERSHED IS  DRAINED ' / )  
GO TO 60  
58  WRITE*3 ,56 )  
t>6  FORMAT! / '  
60  WRITE !3 ,16 )  
16  FORMAT!  '  
1S»16X 'CHANNEL  
2T  Q CFS  1  2  
3  CFS ' / )  
T1=T IME!1 ) *3600 .  
TB=T IME!1 )  
10=RAIN !1 )  
DO 5  I=1 ,NUELUN 
5  IH  r )=C0NST3 ! I I * I 0  
CFS IN= IO*CFSCON 
FLOW!1 , JKJ )=QU!NUELUN)  
WRITE I3 ,6 )TB , I 0 ,CFS IN  
11=1 ,5 ) ,QUINUELUN)  
6  F0RMAT{F7 .2 ,F6 .2 ,F7 .1 ,F7 .2 ,8X  
N0L INE= l  
DO 10  IC=2 ,NT IM  
T2=T IME! IC )»3600 .  
IC=RAIN ! IC )  
TB=T IME! IC )  
DO 12  1=1 ,NUELUN 
12 ! I l =C0NST3 ! [ ) * I 0  
IF !1 -2 )12 ,15 ,15  
15  12 ! I ) = I2 ! I ) +02 ! I - l )  
12  D2 ! I )=D1 ! I )+ . l  
CFS IN= IO*CFSCON 
CALL  ROUT 
DO 8  1=1 ,NUELUN 
D1 ! I )=D2 ( I )  
I I ! I ) =12 ! I )  
8  QU!  I  )=01 !  I  )+02 !  I  »
T1=T2  
IF !NQL INE-30 ) IT ,17 ,18  
18  NCJL INE=0  
WRITE !3 ,19 )  
19  FORMAT! lOOX 'CONTINUED ' / ' l ' 38X 'C0MBINED UNIT  ROUTING !  CONTINUED) ' / I  
WRITE !3 ,16 )  
,D1 (NUELUN) ,  QX , ! 01 !  I ) , 1=1 ,5 ) , 10  2 ! I ) ,  
,F7 .1 ,11F6 .2 )  
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17  FLOW! IC ,JKJ»=QU(NUELUN)  
WRITE(3 ,6 )TB , I 0 ,CFS IN  ,DBAR(NUÊLUNJ ,  QX , (01 (11 ,1=1 ,5 ) , ( 02 (11 ,  
1 I=1 ,5 ) ,QU(NUELUN)  
NUL INE=NUL INE+1  
10  CONTINUE 
GO TO ( 217 ,218 ) , IPUNCH 
218  DO 216  I =1 ,NT IM  
216  wR ITE(2 ,215 )T [ME(U , (FLOW( I , J  » , J  =  l .N ITYPE>  
215  FURMAT(8F10 .4 )  
217  GO TO ( 219 ,220 ) , [ROUTE 
220  N ITYPE =  0  
219  CONTINUE 
IF ÎN ÎTYPE-1 )3C ,30 ,31  
30  DO 32  KJ=1 ,NT IM  
32  0 ITCHQ(KJ )=FLOW(KJ ,1 )  
GO TO 116  
31  N0RCH=2* (NELWSD-NEWAD)+1  
READ(1 ,3 ) (0ELX( I ) , I =1 ,NQRCH)  
3  FORMAT(8F10 .0 )  
N1=N0RCH+1  
IT IME=1  
READ(1 ,3 ) (Q I (1 ) , I =1 ,N1 )  
O ITCHQ(1 )=Q1(N l )  
R tAD( l , 7 ) ( ITYPE( I ) , I =1 ,NELWSD)  
7  FORMAT(1513 )  
DO 105  1=1 ,N l  
105  A l ( I ) =AREA(Q1( I )  ,RN)  
DO 106  i = l ,N0RCH,2  
SQ l l I ) =0 .  
106  S02 ( I )=0 .  
N2=NEWAD+1  
DO 108  I=N2 ,NELWSD 
N3= ITYPE( I )  
N4=2» ( I -NEWAD)  
108  SQ1(N4 )=FL0W( IT IME,N3 )  
WRITE(3 ,97 )  
WRITE(3 ,98 )T IME(1 ) ,D ITCHQ( l )  
98  FORMAT!15X2F10 .5 )  
DO 2  KJ  =  2 ,NT IM  
DO 109  I=N2 ,NELWSD 
N3= ITYPE( I )  
N4=2* ( I -NEWAD)  
109  SQ2(N4 )=FL0H{KJ ,N3 )  
Q2(1)=0. 
DO no  I  =  1 ,NEWAD 
N3= ITYPE( I )  
110  Q2 (1 )=Q2(1 )+FL0W(KJ ,N3 )  
A2 (1 )=AREA(Q2 I1 ) ,RN)  
D tLT= (T IME(KJ ) -T IME{KJ -1 ) ) *3600 .  
DO 114  I=1 ,N0RCH 
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LAMBOA =  DELT /DELX  ( ! >  
ALPHA=(A1 ( I )+A l ( I + l ) ) / 2 .  
HETA=LAMBDA*U2{ I» -A2 ( I ) / 2 .  +  DELT*SQ2( I ) /OELX I  11  
A0UM=A2( I )  
A2 l I + l )=ASOL(LAMBOA,ALPHA,BETAfAOUMfRN)  
114  02 (1+11=  DSCHRG(A2 ( I+1 I ,RN)  
D ITCH0(KJ )=Q2(N1 )  
DO 115  I =1 ,N1  
SQ l(n=SQ2( I )  
Q  1 (  1  )=Q2(  I  )  
115  AU  n =A2(  I  > 
2  WRITE(3 ,98 )T IME(KJ> ,D ITCHQ(KJ»  
GO TO 99  
116  WRITE(3 ,971 (T IME( I I ,D ITCHO( I» , I =1 ,NT IM>  
97  FORMAK '1«15X"TOTAL  WATERSHED OUTFLOW• / / 20X•T I  ME OUTFLOW' / / !  
U5X2F  10 .5 )  )  
99  GO TO ( 120 ,121» , IPLOT  
120  CALL  GRAPHtNT IM  , T I  ME,0  ITCHQ,4 ,2  ,  T .5 ,5 .25 ,0 ,0 ,0 ,0 ,XL ,YL ,GL ,DL )  
121  STOP 
END 
SUBROUTINE  ROUT US ING NEWTON'S  METHOD 
SUBROUTINE  ROUT FOR ROUTING THROUGH A  SERIES  OF  POTHOLES 
SUBROUTINE  ROUT 
REAL  I 1 (10 ) , I 2 (10 ) ,K ,MNT,MNC,L (  101 ,10  
D IMENSION D l ( 10 ) ,D2 (10 ) ,PCEL(10 ) ,E ( l l ) , TD(10 ) ,H ( l l ) ,  
IDBARI10 ) ,  AU(10 ) ,CONST1(10 ) , 0U(10 ) , 02 (10 ) , 01 (10 )  
D IMENSION 021 (10 ) , 022 (10 )  
COMMON DBAR,D1 ,D2 ,PCEL ,E ,T0 ,H ,T0ELEV,MNT,MNC,NUELUN,AU,L ,C0NST1 ,  
1K ,QU,S ,01 ,02 ,Z ,T1 ,T2 ,11 ,12 ,  ZFD,ORFCK,MOTEST  
DO 42  1  =  1 ,NUELUN 
D? l ( I )  =  02 ( I  »  
42  D22 ( I )=02 { I )+ . l  
DÛ 20  1=1 ,NUELUN 
37  D fcLT=T2 -T l  
M  =  1  
M l= l  
M2= l  
M3= l  
M4= l  
AB=0UTFL0 (D1 , I )  
AC  =  V0LUME(D1(  I ) )  
ZTEST= .00 l  
Z l= (  IK  I  )  +  I 2 ( I ) ) / 2 . - (AB  +0UTFL0 (D21 , I ) ) / 2 .+  
H  AC -V0LUMEÎD2U I  )  )  ) /DELT  
IF (ABS(Z1 ) -ZTEST)1 ,1 ,2  
2  CONTINUE 
5  Z2= (  11 ( I )  +  I 2 (  I ) ) / 2 . - (  AB  +0UTFL0 i022 , I I ) / 2 .+  
UAC - -VOLUME(D22 (  I  )  )  ) /DELT  
IF (ABS(Z2 ) -1 .0E -30 )40 ,40 ,41  
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4 0  0 2 (  n = D l (  I  )  
G Ù  T U  2 0  
4 1  I F ( A B S ( Z 2 ) - 2 T E S T » 3 , 3 , 4  
4  A = 0 2 2 ( I  »  
B = Z 2  
I F ( Z 2 - Z 1 ) 6 , 7 , 6  
7  G O  T 0 ( 8 , 9 , 1 7 l , M  
8 M=2 
022(  N=02L(  N+2.  
G O  T O  5  
9  M 3 = 2  
I F ( 0 2 2 ( I  »  I  1 2 , 1 2 , 1 3  
1 3  W R I T E ( 3 , 1 0 )  
1 0  F O R M A T * '  Z 2 = Z 1  2 X ' I  
G O  T O  3  
1 2  G O  T O  ( 1 4 , 1 4 , 1 5 ) , M  
1 4  M = 3  
0 E L 0 = . 0 5  
0 2 2 ( I ) = 1 . 0 5  
1 6  0 2 2 ( 2 ) = D 2 2 (  D - D E L D  
G O  T O  5  
1 7  I F I Z 2 ) 1 8 , 3 , 1 9  
18 M2=2 
G O  T O  ( 3 0 , 2 2 ) , M 1  
3 0  D 2 l ( I ) = A  
Z 1 = B  
D 2 2 ( I ) = 0 2 2 ( I ) - D E L D  
I F ( 0 2 2 ( I  1 1 2 7 , 5 , 5  
2 7  D 2 ( I ) = 0 .  
G O  T O  2 0  
1 9  M l = 2  
G O  T O  ( 3 0 , 2 2 )  , M 2  
1 5  G O  T O  ( 2 6 , 1 3 ) , M 4  
2 6  M 4 = 2  
G O  T O  1 6  
6  G O  T O  ( 2 1 , 1 7 1 , M 3  
2 1  0 2 2 ( n = ( 0 2 1 ! I ) + D 2 2 ( I ) ) / 2 . - { 0 2 2 ( I ) - D 2 l ( I ) ) / ( Z 2 - Z I ) * ( Z 2 + Z 1 ) / 2 =  
D 2 1 ( I ) = A  
Z l = 6  
G O  T O  5  
1  I f ( D 2 1 ( n ) 3 2 , 3 2 , 3 3  
3 2  D 2 H  I  > = 0 .  
3 3  D 2 ( 1 1 = 0 .  
G U  T O  2 0  
3  I F ( D 2 2 ( I ) ) 3 5 r 3 5 , 3 1  
3 5  D 2 2 ( I ) = 0 .  
3 1  0 2 (  I  ) = D 2 2 ( I )  
G O  T O  2 0  
2 2  0 2 (  l ) = D 2 2 ( I  ) + D E L D / 2 .  
2 0  C O N T I N U E  
2 5  0 0  1 1  I = l , N U E L U N  
1 1  D B A R ( I I = ( D l ( I I + D 2 ( I ) ) / 2 .  
R E T U R N  
E N D  
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c  S U B R O U T I N E  H E A D  F O R  R O U T I N G  T H R O U G H  A  S E R I E S  O F  P O T H O L E S  
S U B R O U T I N E  H E A D ( D E P »  
R E A L  I 1 ( 1 0 ) , I 2 ( 1 0 ) , K , M N T , M N C , L ( 1 0 I , I 0  
D I M E N S I O N  D K I O )  , D 2  (  1 0 »  , P C E L (  1 0  ) , E ( l l ) , T D ( 1 0 » t H ( l l ) t  
1 0 B A R (  1 0 ) ,  A U ( 1 0 )  . C O N S T K 1 0 ) , 0 U ( 1 0 ) , 0 2 ( 1 0 ) , 0 1 ( 1 0 )  
D I M E N S I O N  C 0 N S T 3 ( 1 0 ) , D E P ( 1 0 )  
C O M M O N  D B A R , D 1 , D 2 , P C E L , E , T D , H , T 0 E L E V , M N T , M N C , N U E L U N , A U , L , C 0 N S T 1 ,  
l K , Q U , S , 0 1 f 0 2 , Z , T l , T 2 , I I , 1 2 ,  Z F D . G R F C K , M O T E S T  
M 6 = l  
M 7 = C  
M  8 =  I  
H  9 = 1  
U = 1 6 . / 3 .  
D O  1 4  I = 1 , N U E L U N  
I F (  I - l ) 1 0 1 , 1 0 1 , 1 0 2  
1 0 1  I F ( D E P {  I  » - Z F D )  1 2 5 , 1 2 5 ,  1 0 4  
1 2 5  I F ( N U E L U N - l ) 1 2 6 , 1 2 6 , 1 0 3  
1 2 6  H (  1  )  =  0 .  
H <  2 ) = 0 .  
G O  T O  2 1  
1 0 3  M 6 = 2  
G O  T O  1 4  
1 0 4  M 9 = 2  
H ( I ) = O E P ( I ) + E ( n  
G O  T O  ( 1 4 , 1 5 ) , M 6  
1 5  N Z = I - 1  
D O  1 2 2  J = 1 , N Z  
1 2 2  H ( J ) = H (  I  I  
M 6 = l  
G U  T O  1 4  
1 0 2  I F { D E P ( I ) - Z F D ) 1 0 5 , 1 0 5 , 1 0 6  
1 0 5  M 7 = M 7 + 1  
I F ( I - N U E L U N ) 1 4 , 1 1 0 , 1 1 0  
1 0 6  I F ( M 7 I 1 0 4 , 1 0 4 , 1 0 9  
1 0 9  G O  T O  ( 1 7 , 1 8 ) , M 6  
1 8  M 7 = 0  
G O  T O  1 0 4  
1 7  N 2 = I  
M = I - M 7  
1 2 0  M 7 = C  
F A C T 0 R = 0  
0 0  1 0 7  J = N 1 , N 2  
1 0 7  F A C T O R  =  F A C T 0 R + L ( J - 1 I / T 0 ( J - 1 ) * * U  
G O  T O  ( 1 9 ,  1 3 0 ) , M 8  
1 9  H ( I  ) = O E P ( I ) + E ( I )  
1 3 0  N Z = N 2 - 1  
D O  1 0 8  J = N 1 , N Z  
1 0 8  H ( J ) = H (  J - 1 I - ( L ( J - 1 I / T D ( J - 1 ) * * U ) * ( H ( N 1 - 1 ) - H ( N 2 ) ) / F A C T 0 R  
G O  T O  1 4  
2 0  H ( N U E L U N + 1 ) = T 0 E L E V  
G O  T O  ( 2 1 , 1 3 0 ) , M 8  
1 1 0  M 8 = 2  
Figure 46. (Continued) 
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G O  T U  ( 2 2 , 2 3 ) , M 9  
2 ?  N Z  =  N U ! ? L U N  +  1  
D O  1 2 1  J  =  l , i M U E L U N  
1 2 1  H ( J ) = T O E L E V  
G O  T O  2 1  
2 3  M 2 = I + 1  
N l =  I - M 7 + 1  
G O  TO 1 2 0  
1 4  C C N T I N U E  
G O  T O  ( 2 1 , 2 1  ) , M 8  
2 1  C O N T I N U E  
I F ( H ( N U E L U N + 1 ) > 3 0 , 3 0 , 3 1  
3C H ( N U E L U N + U  =  T O F L E V  
3 1  C O N T I N U E  
R E  T U R N  
E N D  
F U N C T I O N  V O L U K E i D E P T H )  
I F ( n C P T H ) l , 1 , 2  
1  V O L U M E  =  0 .  
R E T U R N  
2 VOLUME =43560.*0.496*(DEPTH**2.424) 
RETURN 
END 
C  F U N C T I O N  A R E A  F O R  R U N O F F  S I M U L A T I O N  F R O M  D E P R E S S I O N A L  A R E A S  
F U N C T I O N  A R E A  ( Q , R N )  
I F ( 0 ) 1 , 2 , 3  
1  W R I T F ( 3 , 4  ) Q  
4  F O R M A T ( 4 0 % 3 Q  I S  N E G A T I V E  a F l C . 4 )  
2  A R E 4 = 0 .  
R E T U R N  
3  A R E A = 2 0 . » ( ( Q * R N ) « « . 7 2 )  
R E T U R N  
E N D  
C  F U N C T I O N  D S C H R G  F O R  R U N O F F  S I M U L A T I O N  F R U M  D E P R E S S I O N A L  A R E A S  
F U N C T I O N  O S C H R G ( A , R N )  
IF( A ) 1 , 2 , 3  
1  WRITE(3,4 )  A  
4  F O R M A T ( 4 0 x a i N  F U N C T I O N  D S C H R G  A  I S  N E G A T I V E  3 F 1 0 . 4 )  
2  D S C H R G  = 0 .  
R E T U R N  
3 D S C H R G  =  ( ( A / 2 0 . ) * * ( ! . / . 7 2 ) ) / R N  
R E T U R N  
E N D  
Figure 46. (Continued) 
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c  F U N C T I O N  O U T F L O  F O R  R O U T I N G  T H R O U G H  A  S E R I E S  O F  P O T H O L E S  
F U N C T I O N  O U T F L O I D E P T H , I  »  
R E A L  I K l O » , I 2 ( 1 0 ) , K , M N T j M N C , L ( 1 0 ) , I O  
D I M E N S I O N  0 1 ( 1 0 ) , 0 2 ( 1 0 ) , P C E H 1 0 ) , E «  1 1 ) , T D ( 1 0 ) , H ( 1 1 ) ,  
1 0 B A R < 1 0 ) ,  A U ( 1 0 ) . C O N S T K 1 0 ) « Q U ( 1 0 ) , C Q ( 1 0 ) , T 0 ( 1 0 )  
D I M E N S I O N  D E P T H ! 1 0 ) , 0 F ( 1 0 )  
C O M M O N  D 8 A R , 0 l , D 2 , P C E L , E , T D , H , T 0 E L E V f H N T , M N C , N U E L U N , A U , L » C 0 N S T l ,  
l K , ( a U , S , T Q , C Q , Z , T l , T 2 , 1 1 , 1 2 ,  Z F O , O R F C K , M O T E S T  
G O  T O  ( 2 6 , 2 7 ) . M D T E S T  
2 7  T Q ( I ) = 0 .  
0 F ( I ) = 0 .  
H ( I ) = E ( I ) + D E P T H ( I )  
G O  T O  9  
2 6  C A L L  H E A D  ( D E P T H )  
W E I R 1 < = 1 0 .  
C 0 = 0 , 6 0  
H K E = 2 . 0  
I F ( D E P T H ( I ) - Z F O ) 2 0 , 2 0 , 1  
2 0  0 F ( I  ) = 0 .  
G O  T O  2 1  
1  O F l  = W E I R K * T D ( I ) * ( D E P T H ( I I - Z F D ; » * ( 3 . / 2 . )  
0 F 2 = C D * 3 . 1 4 * ( T D ( I ) * * 2 ) / 4 . * S Q R T ( 6 4 . 4 * ( D E P T H ( I » - Z F O )  )  
I F ( H ( I l - H ( I + l ) * 2 2 , 2 3 , 2 2  
2 3  O F 3 = 0 .  
G O  T O  5  
2 2  0 F 3  = C 0 N S T 1 (  I ) # S Q R T (  A B S ( H {  I ) - H (  I  +  l )  )  »  *  (  H (  1 ) - H  (  H I  » ) / A B S (  H »  I  ) -
1 H ( I + 1 )  I  
V E L 0 C Y = 0 F 3 / 3 . 1 4 / ( T D ( I ) * * 2 I * 4 .  
H P = H ( I | - H K E * ( V E L 0 C Y # * 2 ) / 6 4 . 4  
I F ( H P  » 2 , 2 , 3  
2  0 F 3 = 9 9 9 9 .  
G O  T O  4  
3  I F ( H P - H ( I + 1 ) 1 2 4 , 2 5 , 2 4  
2 5  O F 3 = 0 .  
G O  T O  5  
2 4  0 F 3 = C 0 N S T 1 ( I ) * S Q R T ( A B S ( H P - H ( 1 + 1 | ) ) » ( H P - H ( I • 1 ) ) / A B S ( H P - H ( 1 + 1 » )  
4  I F (  1 - 1 ) 5 , 5 , 6  
6  0 F 3 = 0 F 3 - T Q ( I - l )  
5  0 F (  I  ) = A H I M ( 0 F 1 , C F 2 , 0 F 3 )  
2 1  I F ( 1 - 1 ) 7 , 7 , 8  
7  T Q ( I ) = O F { I )  
G O  T O  9  
8  T Q (  I ) = O F ( I I + T O ( I - 1 )  
9  I F ( H ( I ) - P C E L ( I ) - Z F D ) 1 0 , 1 0 , 1 1  
1 0  C 0 ( I ) = 0 .  
G O  T O  1 2  
1 1  Y = . 9 6 * ( H ( I ) - P C E L  ( I  )  )  
C Q ( I I = 1 . 4 9 / M N C * ( ( 2 . * ( K * * 2 ) * ( Y * * 3 ) / ( 3 . * ( K * Y I * * 2 + 2 . I ) * * * 6 6 7 ) * ( S * * . 5 )  
1 * 1 . 3 3 * K * ( Y * * 3 )  
1 2  O U T F L O - O F ( Î ) + C Q ( I )  
R E T U R N  
E N D  
Figure 46. (Continued) 
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c  F U N C T I O N  A S O L  F O R  R U N O F F  S I M U L A T I O N  F R O M  D E P R E S S l O N A L  A R E A S  
F U N C T I O N  A S O L I L A M B D A , A L P H A , B E T A , A 4 1 , R N I  
R E A L  L A M B D A  
N = 0  
M I l  =  l  
Z T E S T = . 0 1  
0 4 1  =  O S C H R G  ( A 4 l , R N )  
Z l  =  A L P H A  +  B E T A  -  L A M B D A  *  Q 4 1  - A 4 1 / 2 .  
I F ( A B S(Zn - Z T E S T)l , l , 2  
2  A 4 2  =  A 4 1  * •  . 1  
5  Q 4 2  =  O S C H R G  ( A 4 2 , R N )  
Z 2  =  A L P H A  +  B E T A  -  L A M B D A  *  Q 4 2  - A 4 2 / 2 .  
2 0  I F ( A B S ( Z 2 » - A 4 2 * Z T E S T - . 0 1 ) 3 , 3 , 4  
4  N = N + 1  
I F ( N - 1 0 » 3 0 , 3 1 , 3 1  
3 1  N = 0  
Z T E S T = 3 . * Z T E S T  
W R I T E ( 3 , 3 2 ) Z T E S T  
3 2  F O R M A T ! •  I  A M  I N C R E A S I N G  Z T E S T  T 0 ' E 1 5 . 7 I  
G O  T O  2 0  
3 0  A = A 4 2  
B = Z 2  
I F ( Z 2 - Z 1 ) 6 , 7 , 6  
7  G O  T O  ( 8 , 9 ) , M 1 1  
8  M  1 1 =  2  
A 4 2  =  A 4 1 - . 5  
G O  T O  5  
9  W R I T E  ( 3 , 1 0 )  
1 0  F 0 R M A T ( 4 0 X » I N  A S O L  Z 2  =  Z l  2 X ' )  
G O  T O  3  
6  A 4 2 =  ( A 4 2  •  A 4 1 ) / 2 .  -  ( A 4 2 - A 4 1 ) / ( Z 2 - Z 1 » * ( Z 2 + Z 1 ) / 2 .  
I F ( A 4 2 ) 1 1 , 1 2 , 1 2  
1 1  A 4 2 = G .  
1 2  I F ( A 4 2 - A  1 1 3 , 1 4 , 1 3  
1 4  A 4 2 = A 4 2 + 1 . 0 E - 0 7  
1 3  A 4 1  =  A  
Z l  =  B  
G O  T O  5  
1  A S O L  =  A 4 1  
R E T U R N  
3  A S O L  =  A 4 2  
R E T U R N  
E N D  
Figure 46. (Continued) 
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APPENDIX F: PROGRAM LISTING FOR WATERSHED SIMULATION 
C  P R O G R A M  T O  G E N E R A T E  W A T E R S H E D  
D I M E N S I O N  N U E L U N ( 5 0 ) , A ( 2 0 > , A C ( 2 0 ) , V { 2 0 ) f D ( 2 0 ) , T D ( 2 0 ) , P C E L ( 2 0 ) ,  
IE (20) ,01(20)  
R E A L  L ( 2 0 )  
F I N V ( Y , A , B , C ) = B » ( ( - A L O G ( l . - Y ) ) • • ( ! . / C ) ) + A  
R E A D { 1 , 1 ) N E L W S D , G , B , C , I Z , S , D I T D E P , D I , D C , T I L E S , T D M I N  
1  F O R M A T { I 3 , 3 F 1 0 . 0 , I 3 , 3 F 1 0 . 0 / 3 F 1 0 . 0 )  
R E  A D  ( 1 , 2 )  ( N U E L U N (  n ,  I  =  1 , N E L W S D )  
2  F 0 R M A T ( 2 6 I 3 )  
C O N S T = ( 4 . * * 1 . 6 6 6 7 ) / 1 3 8 . / 3 . 1 4 1 5 9  
I X = I Z  
D O  1 0  Î = 1 , N E L W S D  
N S T O P = N U E L U N ( I )  
D O  5  J = 1 , N S T 0 P  
C A L L  R A N O U ( I X , I 2 , Y )  
IX= IZ  
A ( J ) = F I N V ( Y , G , B , C )  
A C {  J )  =  1 4 . 4 * (  A (  J ) » . » . 4 5 6 )  
V ( J ) = . 3 4 4 * ( A ( J ) * * 1 . 4 4 )  
5  D ( J ) = ( V ( J ) / . 4 9 5 ) » * ( 1 . / 2 . 4 2 4 )  
IMDUM= N U E L U N (  I ) + l  
A C ( N 0 U M ) = 0 .  
D O  6  J = 1 , N S T 0 P  
6  L ( J ) = ( S Q R T ( 4 3 5 6 0 . » A C ( J ) ) + S Q R T ( 4 3 5 6 0 . » A C t J + I ) ) ) / 2 .  
S U M = 0 .  
D O  7  J = 1 , N S T C P  
S U M = S U M + A C ( J )  
M = 6 . » ( 0 C * S U M / 2 4 . » C 0 N S T / S Q R T ( T I L E S ) ) * * . 3 7 5 + 1  
T D ( J ) = 2 * M  
I F ( T D ( J ) - T D M I N ) 3 1 , 7 , 7  
3 1  T D ( J ) = T D M I N  
7  C O N T I N U E  
S U M = O o  
D O  8  J = 1 , N S T G P  
K = N S T Q P - J + 1  
S U M = S U M + L ( K )  
P C E L ( K ) = S » S U M + D I T O E P  
E ( K ) = P C E L ( K ) - D ( K )  
8  D 1 ( K ) = ( P C E L ( K ) - E ( K ) ) » D I  
W R I T E ( 3 , 2 0 )  
2 0  F O R M A T ! / / / )  
W R I T E ( 3 , 9 ) I , I A C ( J ) , L { J ) , T D ( J ) , E ( J ) , P C E L  
9  F O R M A T ( 2 0 X a P R O P E R T I E S  O F  B A S I N  a i 3 / / a  
1  E L E V  P C E L  I N  D E P T H S / / ( 6 F 1 0  
W R I T E ( 2 , 3 0 )  ( A C ( J ) , L ( J ) , T D ( J ) , E ( J ) , P C E L  
3 0  F O R M A T I 6 F 1 0 . 3 )  
1 0  C O N T I N U E  
E N D  
Figure 47, Computer program for watershed simulation 
( J ) , D 1 ! J ) , J = 1 , N S T 0 P )  
A R E A  L E N G T H  O I A M  
. 3 ) )  
( J ) , D 1 ( J ) , J = 1 , N S T 0 P )  
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APPENDIX G: FLOW DIAGRAM FOR MA.IN PROGRAM 
Iô6b 
<0 
1=0 
1=0 
.mpuo tics r ra5jifall cards 
'IL 
U^UEUM-KL)=T0EISV-F4. 
(NUELIB+1)=T0EÎSV 
TD(î) = TD(I)/ 12 
ATOT=ATOT-fAU(l) 
COns?l(I)=l. 49*3. 142*(TD( 
/SQRT(L(I) )/(4. 
CONS: T3(I)=43560.*AU(I)/3600./l2 
667) 
Figure 48. Flow diagram for main program 
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QU(I)=01(I)+ #2(1) 
<A 
or 1=1, NUEUJN 
=1 =2 
f>S)-| Output heading 
Output hi 
10 = RAIN(l) 
I1(I)=C^ NST3(I)"-I0 
for 1=1. IxUEim 
CFSIK=IO%CPSC0 
Figure 48. (Continued) 
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>0 
< 0  
1=0 
[2(l)=I2(l)t02(l-l) 
I = I+l 
I2(I)=G0I«3T3(I)+I0 
GFSIK=IO*CFSGON 
11(1) = 12(1) 
or I = 
gure 48. (Continued) 
0 
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<0 
FIIG 
$0  
for 1=1s NI 
OUTPUT TB, 10, CFSIil, DBiVR(NI]ELIj!I) 
QX,(pï(l); 1=1, 5), (02(1), 1=1, 5 
QU(NUEmi) 
Figure 48. (Continued) 
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Q2(1)= 0 
Output 
N3=ITY?E(I) 
Q2(1)=Q2(1) + PD0W(EJ,K3) 
for 1=1 g^ l'IAD 
A2(l);:;AREA(cq2(l),RIT) 
DELT=(TIÎ-3(KJ)-Tn-S(l{J-l) % 36CO 
N3=ITY?S(I) 
N4.=2»(I-NSJAD) 
8Q2(L\R^)=P]L0U(%J,H3) 
for I=N2J@5fSD 
Ï:3=ÏTY?E(I) 
SQ1 (%)=^ I.0W(IT]:^ %N3) 
for Zi=I%,EElWSD 
Figure 48. (Continued) 
!7l 
<0 
II''I 
IPLOT 
STOP 
SFD 
Output TIig:(KJ);DITCHQ(KJ) 
Q1(I) = 02(1) 
A1(I) = A2(I) 
for I = 1,1\1 
ADIM = A2( I )  
A2(I + l) = AS;i)L(m$BA, ALPHA, BSïA,ADUî'I,PJ'ï) 
02(1 + -;) =i>SGÏiHG(A2(l + 
lAI^ GDA = DELT/DEDI(I) 
Figure 48. (Continued) 
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APPENDIX H: SUBROUTINE HEAD 
SUBROUTINE HEAD for Model I determines the actual or pseudo head in the 
depression of the Jth elemental basin as a function of the depth DEPTH(I,J) for 1=1, 
2, NUELUN(J) where NUELUN(J) is the number of depressions in the Jth 
elementary basin. Normally the head H (I, J ) in the 1th depression of the Jth elemental 
basin is computed as E(I,J) +DEPTH(I,J) where E(I,J) is the elevation of the bottom 
of the depression. 
If DEPTH(lyJ) is less than ZFD, the depth below which no outflow occurs, then 
H(I, J) is calculated as a pseudo head. For DEPTH(1,J) less than ZFD, OF (I, J) is 
zero and TQ(1) must equal TQ(1-1). In this situation TQ(l-l) and TQ(1) are in 
response to the head difference between depression 1-1 and 1+1 (figure 19). Since 
equation 14 which is used to calculate OF(l,J) recognizes only differences in head 
between adjacent depressions, a value of H(1,J) is assigned to depression 1 in such a 
manner that when it is placed in equation 14, TQ(l-l) and TQ(I) are equal. This 
reasoning may be extended to more than one depression. If depression I, 1+1, 1+2 
are all empty, then three pseudo heads H (I, J), H (1+1 ), J), and H (1+2, J) must be 
determined so that TQ(1-1,J) = TQ(1,J) = TQ(1+1 ,J) = TQ(I+2,J). The determination 
of the pseudo heads is accomplished as follows: 
Q .=M2R.^3^ .  S.^ /2  
1 N  1  11  I
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For Qj and n constant we have 
Now if depressions n, n+1, ..m have DEPTH(I,J) less than ZFD, we define 
m L, 
FACTOR = _ 2. ' 
i=n~l D. ' 
I 
The pseudo heads are determined from 
H(n,J) = H(n-1,J)- "'h'Âa Ok ' 
n-1 
n 
m 
or in general for i=n,n+1,... ,m 
H(i,J) = H(i-l,J)- H(n-1,J) - H(m+l,J) 
D. i 
D. 
I 
!f n = 1, H(i,J) = H(m+l,J) for i = 1,2,.. .,m. 
The possibility of determining heads for empty depressions combined with the 
method of calculating OF(l,J) make it necessary to compute the heads for the 
elementary basin as a system. 
In Model I, H(NUELUN(J)+1 ,J) is defined as 
H(NUELUN(J)+l,J) = y fory > TOELEV(J) 
= TOELEV(J) for y < TOELEV(J) 
174 
where y is the depth of flow in the drainage ditch and TOELEV(J) is the elevation of 
the Jth tile outlet. 
For Model II all of the above calculations are the same except J is always 
equal to one and is therefore omitted. The head in the ditch, H(NUELUN+1), is 
equal to the tile outlet elevation, TOELEV. 
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FLOW DIAGRAM FOR SUBROUTBIE HEAD (DEPTH, I) 
IWUI'IL = 
K6 = 1 
M7 = 0 
MS = 1 = 0. 
= 0. 
EPTHUJJ)-
ZFD 
& (S)->4T7=0 
a(l,J)=DEPTH(l,J)+ 
E(I,J) 
W2=J. 
I'A=2->?7 
1:2=14] 
Î'LI=I~Î''?7+~ for N=1,I-1 H(K,J)=H(I,J) 
1U/--U 
ACT0R=0 
for N=l, i'Duh V 1 
H(K,J)=%DZTCH(J) 
for K=N1, N2 
FACTOR=?AGTOR + L(ïï-1,J)/TD(N-1,J)««-IJ 
Figure 49. Flow diagram for SUBROUTINE HEAD 
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t 
<0 
21 
;10 
END 
RSTURI'Î' 
H(I,J)=DEPTH(I,J)+ 
for H=Klj N2-1 
H(K,J) = K(N_1,J)-(L(K-1,J 
, J )  
Figure 49. (ConHnued) 
177 
APPENDIX I: SUBROUTINE ROUT 
SUBROUTINE ROUT is a computer program that solves equation 32 for the value 
of D2([) that makes the value of W |p2(l^ within a given tolerance^ ZTEST, of zero. 
The method of solution is an iterative technique known as Newton's method (Ralston, 
1965). The method requires the calculation of the first derivative of W ^D2(ljj with 
respect to D2(l). This derivative is evaluated numerically. Figure 50 is a flow 
diagram of SUBROUTINE ROUT. 
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FLOW DIAGRAI'l FOR SIIBROUïEîE ROUT. 
REAL, BE-OS-iSICN, COM^ iON 
& = J+1 
>0 
< 0  
FOR 1=1 J NOUL'-I 
021(1, J)=02(I, J) . 
022(1. J)=02(I, 
Z1 = 
(AC-VOLuI-IS (d22(l, J) ) )/bEnD 
DELÏ' = T2-T1 
.C=70LU:'E(D1(I, J) ) 
Figure 50, Flow diagram for SUBROUTINE ROUT 
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U2III,J)=A 
Z1=B 
KCOUNT=NCOM?FL 
DFLILKZ.OI); I-I=3 
D22(I,J)=1,05 
•KG0U2ÎT-A>>/ 50 
BD=D22(I,J) 
BZ=Z2 
'NCOM' 
Figure 50. (Continued) 
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Z2-BZ 
-<• 
27 
D22(I,J)=D22(I,J)-D2ID • 
Figure 50. (Continued) 
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APPENDIX J: FUNCTION OUTFLO 
FUNCTION OUTFLO determines the rate of flow of water from a depression 
through the tile and the channel outlets as a function of the heads in the depressions 
of the elementary watershed. The methods used to determine these outflows are 
given in the text. Figure 51 presents the flow diagram for the computer program 
FUNCTION OUTFLO. 
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CALL HEAD (DEPTH) 
IFEIBIC = 10. 
OUTFLOW (DEPTH, I) 
ïQll) — Go 
0F(I) = 0. 
H(I) : = E(I) + DEPTH 
OPl=î^ IRK*TD ( I ) x- (DEPTH ( I )-ZFD ) **3/2 
0P2=CD*3. l^ *(TD(l)**2)/4* 
SORTrA/.. /,*fnFP7KfT^ _%PD^   ^
0?3=0 
QP3=C0î-ISTl ( I )-"-SQRT (1E( I )-H ( Ivl ) 1)* 
(H(I)-K(I+1) )/lH(l)-Il(l+l) 1 
0P3-9999 
0?3=0 
0F3=C0NST1(I)«SQRÏ1HÛ-K(1+1)1* 
(HD-H(l+l)/lEF-K(l-fl) ) 
Figure 51. Flow diagram for FUNCTION OUTFLO 
6 © (i) 
183 
<0 
21 
<0 
.10 
CQ(I)=0 
RETURN 
EIM 
TQ(I) = OF(I) 
CQ(I U)=lo 
Figure 51. (Continued) 
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APPENDIX K: FUNCTION ASOL 
The purpose of FUNCTION ASOL is to solve equation 48 for the value of A^ 
that renders Z v/ithin some preselected tolerance of zero. The formul^j^n of the 
ditch routing method is exactly like that of Brakensiek (1966b) with a chaise in 
notation. Figure 52 compares the formulations. % 
As was stated in the text, the rating curve for the assumed prismatic|channel 
could be approximated by the relationship | 
where Q is the flow in cfs 
A is the flow area in square feet 
and n is the Manning's n. 
Brakensiek's q is expressed in cfs per foot. Setting the outflow from the elemental 
watersheds into the Ith reach equal to SQ(l), we have 
q = SQ(I)/DELX(I) (cfs/ft.) V 
\ 
Equation 48 is solved iteratively un!il the absolute value of Z is less than 
(ZTEST X A^ ,+ 0.01). Figure 33 shows the influence of ZTEST on the outflow hydro-
graph when routed through a ditch that is about 7.4 miles long. The tolerance for 
convergence can be seen to be a percentage of the flow area. This percentage is 
equal to ZTEST. 
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Brakensîek 
2 4 
A t  
1 A X  3 
Grid Employed. 
? I  =  AT/AX 
CK = {A^+A^)/2. 
^ Q2+(- '^  +Atq) 
2 
o = -7) Q^-A^2. 
Haan 
2(1) 20-H) 
DELT 
10) DELX(I) 1(1+1) 
Grid Employed 
LAMBDA = DELT/DELX(1) 
ALPHA = (Al(l)+Al(l+l))/2. 
BETA = LAMBDA*Q2(!)-A2(1)/2. 
+DELT*SQ2(iyDELX(l) 
Z = ALPHA+BETA-LAMBDA* 
02(1+1 )-A2(l+iy2. 
from rai ing curve 
1 . 0  
Z = ALPHA+BETA-LAMBDA* 
((A2(l+iy20.)**(l ./.72)yRN 
-A2 (1+1/2. 
Figure 52. Comparison of formulations for ditch routing 
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REAL Ul-TBDk 
ZÏE3? = 10 
21 = ALFK1 + BETA - lAI-iBDA * OIJ. 
<0 
W = DSCHRG(A^, RÎÎ) 
7.0 = AT.PHA+FRTA_rAl.!BEDA*0/?-A/ ?/g 
20 
<0 
=0 
Z2=Z1 
IO 
12 
A42=A^+. 0000001 
53. Flow diagram for FUNCTION ASOl 
